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CHAPTER I

TINTRODUCTICHN

'he inToramation contained in human gpecch includes much
move than the words of the languaze that the speaker intends

2

to transmil, .Supcrimposzed on the linguigiic component, therc
is.a soclo-lingulstic component, winich can tell the ligtener

about the general background of the speaker, and a personal

Ot & -
2

component, which can give the listener information about the

jdentily of the specalker (Ladefozed and Broadbent, 1957), Ve
may also identify an enotionel-expressive component, which
reveals the emotlonal state of the speaker and hisg Teelings
about the nessage.

Recognizing the person ITrom the cound of his voice is
a common experience for anyone who uvsges the telephone ox
listens to the radio. To be sure, the context of immediate

“

5 said often contribute

e

vents and the content of what
strongly to the identification, but such recognition also
occurg Iin situations where therce is no doubt thaet it vas

trigsered by the acoustic signal 2lone, This ability of

humen listeners has been confirwed by experiments (Pollacl:,
et al., 19543 Stevens, et al,, 1968),

In this age of information processing, the question of
characterizing and recognizing different veoices 1s naturally
of intercst, It is conceivable thet machine (computer)
methods can zurpass hunen performance by virtve of their

capacily Tor data zterage and rapid, deteiled annlyois,  IMor

S,



&
the business world, avtomatic scpealier recognition could opeh
new vistos of convenience servicer such as voice ldentifica-
tion to supplant the credit card or to control access to a
facility or to privilezed information, It couvld also find
application in sccurity or law enforcement, Furlhermore,
rerearch on evtomatic egpeech recoznition shows that dif
ces in snceech glignals due
crease the difficulty of the recognition, Better understiand-
inz of these speaker differences could make compensalion for
them possible in such devices,

Differences in volces stem from two broad bagses: organic
and learncd diffcrencez (Garvin and Ladefoged, 19463). Or-

ganic differences

™

re the result of" differences in the cgizes
and shepes ol the componen of the vocal troct: larynx,
pharyni, tongue, teeth, and the oral and nasal cavities

Since the resonances of the vocal trect and the character-
istics ol the sound cnelgy gources depend on Just these ana-
tomical Tactors, these differences lead to differences in
fundamental frequency, larynzeal source spectyum, and formant
frequencies and bandvwidths, Learned differences are the re-
sult of differences in the patierng of coordinated nceural
commands to the sceparate articulators lcarned by each indi-
vidual, Sucn differences give rige to variations in the
dynamiqs of" the vocal tract such ags the rate of formant tranz-
itions and coarticulation offects. Naturally many spealker-

ral

dependent properties are alfec tco by both ol thecse faclors,

=




9

fhe problent of spealier recognition, like most problems

.

in patiern recosnition, may be congidered to be divided into

two parts: measvrewnsnt and clase ation, 1In the first
part, the pattern under test (& voice zignal fron an unknoun
speaker, in this caze) lg subjected to @ number of measure-

ments, resuliing in a seb of numbers which (idezlly) cheracter-

3

4.

ize the pattern, These values in turn act as inpuls o

}_.
ja¥]

claszification scheme, which compares them with stored in-

(7
m

formation on known refercence patterns and malkez a decislon as
to the class membership of the tested pattern, Descriptions
of’ pattern recognition work by various authorsz place different
degrees of emphasis on these two agpects, with the greater

enphasle usually placed on clesgification., Spec

speaker recognition, the efforl spent on the characterizing
measurerents does not geem to be consistent with either the
effort spent on classification procedures or with the state
o' our underztanding of the way epeech is produced,

Well chosen MOopdlé\“HOS ere important to pattern recog-
nition problens in severel respects, Piret of all, they must
r characterize the patterns under test, No amount
of deciglon-maliing sophistication can coupensate for a basic
lack of information, Furthcrmore, the amount of processing
requirced in the claszification pjsco is primerily deternined
by the complcﬁjty of the digtribultions underlying the measure-
ment data, Yor example, oplimum clagsificalion sgchewes of the

lincer type will fail if the clasnes cannot be describad by



.

@

tated by the use of a highly flecxible digital computer

10

distoint, convex, sinply connected regions, Lt shouvld also

]

be noted thoet the more sophisticated clazsilfication schemes

erfectively estinate nigher order properties of the uvnderl, -

i
{
i
¢
!
i
i

ing distlribulions and conseguently require greater gquantities

e

L

o data to acnhnieve gtatistical gignificance (Sobes*yen, 1962),
A vell chosen sel of neasurcnents sghould pewwit the effective ’
use of economical Geclsion making procedures,

In the casc of measurcments which are adequately repre-
sent lxe of', bul only gencrally related to, the differences
betveen spoakera, it is effectively lelft to the clagssific

tion process to separate the spealrer-selecltive effects from
irrelevant veriationz. More of this burden should be zhifted
from the classification process to the nea SUI&]GHU rocess,

his measurenent phace should be gelective and efficient

rather than merely systematic and sulliclent,

3
o5
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14,

investigate and specif
spealker~characterizing meagurements which are both efficient
in discriﬁinating gpeakers and amenacble to automafic measure-
ment, These measureanents are perfornaed only on selected

speecch segments, rather than throughout an entire utterance,

and cecach measurenent is tailorcd to ils speech segment The

~oe
&

scleciion of these gpeech zegments and the aspects of ecac

to be meesvred vwere motivated by acoustic and phonolomical

L Ry
theory and the relations of vocal tract shapes and gestures

to specen. Uhe developnent of these meagurements wes Tacili-

1t
23]
!
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boratory

Chepter 2 containz a
tic or monchine methods of
on the nature of the measy
principles of meesurement

el

dures for

<‘

aluating speal

neasurenents and intermeas

facility designed

h)

for on~line speech rescarch,
revicw of the literature on autona-
gpeaker yecoxznition, with emphasis
vrenents used, In Chapter 3 gencral
For spesizer recoznition end proce-

wer-separating anilily of individual

urcenent dependence erce alscussed,

In Chapter I the experimental procedures of this study are

descrived, Trhe speciiic

vesti

evaluali

specaker Ldentificatlion exper

are also presented,

gpeecn scgnents and mneasurements in-
zated ere described in detail in Chapter 5, Quantitative

ions of fthese neasuvements and the resgults of a limited

iment using these neasurcanents
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REVILILT O LITHRATURE

Tn order Lo evalucte the litercture on auvtomatic nethods

of spealer recogznition, it is necessary to distinguish the

possible tasks a spealier recognition systen may perform, Let
the tera grecker reccognition refler to the general problem orf

4

relating a volice gignal To The persgon who uttered 1t, 1In

spealier identificalion, the task is to clagsily the unknown
voice signol ag belonging Lo one of m gpeaker:s (closed zet
parc*]gd) or as belonzyinz to one of m speokers or to come
person oubeide that set (open =et paradigm), An important gpe-

:

cial case of the open set paradigm is that in which m equals 1,

which is called speclier verilicatlicn or authenticallon,

Since past works in auvltomatic sgpeaker recognition differ

not only in the form of the size of

c‘.‘
m
\.
o
<
C
©)
=4
[
O
H o/
>
cl
g
o)
()

the spealter ensemble and in the restrictions imposed on the

acoustic s;gral, comparison of the effectiveness of tThe syétéms
in terms of errvor rate 1s possible only in a, general way.,
Tn the present review, the measurcments perloried in these
past efTorts vill be emphacized,

In one of the ezrliest workb on evionatic speaker recog-

-

nition, Edle and Sebestyen (1962) proposed tne automatic

/4]

sampling of thirteen neasurements during an enlive utierance,
Theve neanurenents were the {irst four formwntes, piteh period,

envelope emplitude, the time devivatives of «ll of theze, and



13
a paranclter reloted to lengptih off the currcent voiced interval.,

In a verificaltion ciperiment, using only I, I FB’ and F,

t

conds apart, error

and piten period sampled at b pointes 0.2 s

L

el

ractes ol 7 - 10% vith one lnoun and four unknown spealers
viere obtained, In an identification experiment, F], Fo, F3,

b

and Fy vere mcasured Ifor 11 speakers and an average crror of

439 vas obtained, It is not clear whether the training and
test data were taken from the same linguislic context,
A different approacih to neasuvrcments wvas described by

Pruzansly (1963). Intensity~-frequency-tine patterns were ob-

tained by uvsing a 17 channcl filter banlk covering 200-7000

"Hz., The speech data vere single common vords extracted Trom

context, spolken by 10 male and female specakers, Relerence
palterns for cach talker and each vord vere formed by averag-

Lo

ing three repetitions, and

)

separate repcitition vias used o

b

._"

testing, Clagsification was performed by corrclating the
unitnovin patiern with each reference pattern, Eech word was
tested =eparately, and an average error of 11% was obtained,
If the patterns were avefaged over time go that only frequency
informnat fon remained, the error was alsgo 11%. Averaging
over frequency instead regulied in a much higher error,
Pruzanslky and Matheus (1964) uzed the same date set
described above, bul conzidered each time-frequency "cell"
az o separate measuremant, 1In an cxperlment to delermine the
erfifect of the gize of the cell in the time and Frequency

3]

dimensions, the "quality"™ of each such cell for speaker
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the nmecsurcments were averosed over succesiively longer tlne
intcrvals,

This problen vas clircunventied in the automatic spealer

3
L

veriTicatlon experiment by Carbonell, et al, (1965). The

meazurcaents in thie experiment were gpectya from a 13 channel

13

- o e oD - 144 1 . - o~ _ . . " N 2 M
in the word "beseball. e neaszurcnent noinlts were defined

in termy of the phonencs of the word so that they were made

at an equivalent point in ecch word (e.g., 10 msec after the

ed the Buclidean dlctence between pairs of normalized sgpecira

.- -~ ‘4 ’
In a 13-dimcnsional gpace No numerical resulis lere veport
ed, pul this nmeasurement and simple clacsgilication scheme
operating on the three weasurement poinis was degscrlved &s
1., NSRS |
cncecourasing.,

The automatic speaker verilication syztea of Hecker, ¢v

e 3 . . . - .

al, (1957) elzo made its measvrements during certalin speci-
fied phones, An auvonatic cpeech recognition system select-

ed occurrences ol /i, e, u, A/ from continvous speech, The

P .

time dew put of a 19 channel Tilter bank

<
)_}
;.
0
O
=
o
W
o
oy
O
<

ves coarsely necsured during ceach vowel gelected, and essen-
averaged over Uhe OCCUTTENCES O
siricatlion vas acconplished
Iluclidean distance betvecon the four cveraged vouels and the
refcrohce dota of the gpealer to be verilied, Using 11 male

.

gpealicrs end setting the folse diesainsal (vecction of the

Py
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PR Eal

woal consonant /n/ vias the fTocus of an identirfi-

,.‘
)
W
n

L . R 0 ok N _—— 0 [P
cation wchene reporited by Glenn and Klelincer (1958), Bpectra

che niddle of /n/

in initial, nedd 2l, and ©inal posgitions and averagaed over 10

examples vere used ag design and lest mececurements, and clas-
cation wasg eccomplicsned by correlation, With a population
-y - ey Al el e

Wiers, an error rate oi % was ob-
taincd., Vhen the unitnown data was averaged ovexr Tfewer ultter-

ancer, the avercge ervor ralte was much nigher,

. _ 1 AC0N
In a reccent siudy, Atal (1.963)

icance oif fundamantal Ireguenc, contours Tor speaker rccog-

nition, The fundamental Irequency ves accuratell

during repctitions of & sentence of about 2 scconds duration
by 10 female speekers, The pitch contours were smoothed and
time gcaled to the sane length., Then a reduction of dimen-

sionality using the Kerbhunen-Loeve transtformation and a

2

linear clustering transformation produced the final 10-dimen-

s,

sional dete vectors, The classification procedure (identi-

Tication) used ¢

* P

e Buclidean distance betucen these trans-

4

forred vectors and obta

N

—

zhne

an average crror of 3%. lhen

sentence duraticn was added to the data as en additional 4ji-
. -~ - ~ Y- .y « e - - 2 el it -
nension, the crror woes reduced to : 'herefore, as onc

xpeet, piten information has also been shown to be a
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17
releveant peosurenent for speaker recognition,
Over ﬁhe short hiztory of automalic spealicr recognilion,
a shift can be scon in measurenent otratezy, Tron gencral
measurcnents thiroushout an ulterance fo chSU"“JéHtS periorn-
ed on speciiic specech events, Long-term averages have not

becen commonly used, probably because there ig much in the

pan

personal component of the speech signal that is inherently

-

short-term, The ugse of nesal consonhants i an excellent but

isolated example of selecling a measurement location egpecial-

Civenessg in characterizing the speaker, The

meagurcunents described here do encompass aspects of the

acouctic signel that are dependent on the structural and
learncd characteristice of individual speakers, but they do

so only gercrally, Ior cxanple, a 25 comwonent gpactrun of

/n/ does reflect the size and shane of the spealker's nagal

v, but the formant around 1 kHz is thouzht to be closely
tied To {he lenzgth of the nasal tract and viould thus cha-
racterize the spealer nueh more dircclly., DBfforts to relate
neasureincnts more directvly to vocal tract structure and to
speciiic articulavory events should wresull in increased ol-

fectiveness of the measurement phase
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CHAVER 3

CHOOSIHCG TAZURMMDNTS POR SPEARTR RECOGNITION

wplter wWilL be a discugslion of generzl principles
of choos’ng and evalualing meagurcments foxr spealier recogni-

tion, including cuantitative neasurcinent cvaluatlons, How-

gneech events on which

-y
by
v
o}
]
o
)
@]
o
O
}_
s
)
o

ever, the matter o
the measurencnts vere made will be delerred until Chapter 5,

The Tuncition of the measuroment

nhaze of & speaker re-
cognition system iz to perioru a number of characterizing
meagurenents on the voice patltern under test., Simply put,
the speech characterisgtics measured should ideally:
- occur naturally and‘frequen 1y in norual speech

- very as nueh zg posslble among snealkers, bubt be as
consligstent az possible for a given cpealer
- not change over time or be alffected bty poor health
ted by :caéonable bacliground noige or de-
pend on gpecific transmission characlteristics
- not be modifiable by conscioug cfforl of the speaker,
or at least, be unlikclf to be effected by attempts
to diszguisce Tthe volice
- be easily nmeasurable
Some of these constraints can be relaxed for most prachical

systemz, but 1€ is good to keep in nind the most generally

&L

uselul dualitics foe spea’icr recosnition neasurewents,
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3.1 Seonentetion and recognitlion

1 4

One cless of messurcnent schenes that has been used in
the past pecrforms a sel ol neasurcuents ot lO—EO.msec inter-
vals throuszhout an entire ulterance (Pruzanziyy, 1903; Pfuzans«
ky and Nathews, 19613 Becker, et al,, 19643 Li, el &l., 1966).
There aire three outstanding diflicullies with this eapproach,

First, because of Tthe normal detailed dirfferenceg in

P

timing of each utlerance, corresponding articulatory events !

~

do nov occur at exactly the same times, even il the utteran-
o

cez are registered at & parlicular point, such as the begin-

e

“ning or the energy pear, Therelore, conpar isons cf the mea-
surements at poinls wherc the utterances are out of alignment
are between somewhal diffefent events, It may be argued
that these misalignments are reflections of terworal patlierns .

LI WY

assoclated wWith learnecd characteristics of differvent speakers,

Th

e
h
e

s is indeed so, but in this form the tenporal variations

-

interfere with the comparigons of s

|

.mllar events, e need
to sepcrcVe thege effects, taliing aciount of The ugelful tem-
poral patterns while also H?‘Ln“ comparisons between similar
articulatory evenls,

Secondly, rezular and rapi
wvith the charccterizing measurcnents produces scts of data
thet have a high degree of redundancy, Reducing the sampling
rale vwould only add problems, since it would increase the

chances off migo!

Finally, a given sel of measvrcements Is not optimally
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suited to every gegment of an uvtterance, For cxample, fun-

danentz) Crequency iz meeningless during volceless intervaels)
low end mid-frequency forvmants have no sl QHLILCBDCC during

o

voiceless fricatives,
A selective ¢nd efficient approach to meagurcment 1s

to perTorm some degree of segimentation and recognition of

the linguistic component of the specch signel belfore the i
neasurensnis proper, This 1s done in order to locete certain ;
specch cvents of intercst and then vo make appropriate nea-

surements al each of these points, Similar events can then

differences, Furthermore, tThe receznition of events and

boundariez in the acoustic representation allous the separate
nmeasurenent of relevant temporal patierns, .

ghal is one of the knot-

w
1

Segmentation ol the acoustic

tier problems in speech recozgnition, but the general gquestion

o]

nced not concern us, fn any application of gpcaker verifi-

cation and probably in meny instances of speaker ide n ifica-

tion, the use¢ of a known linguistic context ig a valid as-

not be difficult, In many instznces, the system designer

Y

is cven free Uo specily whal uvtterance the spealiers nust say,

It
s0 he may taillor the vilerance both to contain an advantoge-

J-

ous sct of phonemcg and to be easgily sezuaented,
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3.2 General princinles

Spinrad (19063) has stated two criteria thal a possible
Chu racterizing meagurcement must meet: not only must the mea-
surcement characlerize the patlterns to be recog n'/od but it
must also be able to be performed effectively and correctly,
This latlter point is nol Just idle I}Llosopnv but a question
ol practlical signiflicance, For cxample, lhe measurcement of
formant Trcaguencies in cascs vhere the formants are close, as
in /a/, is often difficult, It is possible to make provision
in the classification procedure for the atypical absence of

a meas surement, bul since this represcents a loss in Informa-

- -

tion, in gcnor 2] 1t is desirable Tor such absenceg to occur

as infrcqucntly as possible,
If we wigh to use these {wo criteria to evaluate measurc-
nments individually, we shouvld add a third onc: independence

of the measurements, ITn gencral, we seek to avoid redundant

measurcaents, If we know the measurcuments are independent,

- then we know thal all of the measurements are contributing to

-
oy
®

classification process, Efficiency of representing the
speakers neans that the required procescsing capacity and Uime

is minimized, Furthermorc, Independence means that in the

classification procesgs, the meas vrements can be validly con-

sidered separately rather than

e
Y

ointly, A1l optimum classi-

T,

fication schemes must effectively estimate the Joint probabi-
lity distribution over the meapurcments for cach spealer, I7

the measurenents zre independent, the joint distribubtion is
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simply the product of the individual distributions, Similarly,

nonoptimal classificalion schemes must account for dependencies

or suller the loss in performanhce that resulls from ignoring

In sclecting ncasurcments we should be guided by acoustic
and phonological theory and by the reclations of vocal tract
shapes and gestures to speech, Therce are several such congi-

ps

derations which have direct relevance to speaker recognition,
Measurements vhich relate mainly to structural differences
should do so as directly as possible, The unique‘vocal tract
ol each individual is a fundamental basis bf speaker recogni-
tion, Some people compare the structural basis of speaker
identification to that of {ingerprint identificalion (Kersta,
1962)., Since tlhe relation of the acoustic signal to anatomy
is much less direct than that of the fingerprint, this argument
is in general tenuous, bul acoustic measvrements wnich do find.
Justification in terms of specific anatomical features should
not only be effective ones, but they should ﬁave the erfect
of incregsing confidence in the effectiveness and reliability
of speeker recognition in general, Furthermore, the sources
of variatlion are minimized if a measurcrnent is related to a
gpecific anatomical feature rather than to anatomy in only a
general vay.
The vocal tract displays different cheructeristics during
different speech sounds, Rather thaen nalie general measure-

ments, such as formant frequencies and their time derivatives,



23

4

on every specch segment, vwe shouvld tallor the measzureients to

the speciiic gpeech event beling measured,
There are certain acoustic corrclates of the distincetive

featurcs in a given language that are significant in the pro-
dguction and perception oi those features; they carry the lin-
guistic information {Stevens, in press). Other acoustic ab-
tributes of the signal are then extra;linguistic; they do not
enter into the process of transmitting the message., It is

anong the extra-linguistic attributes that we should look for

w

possible speaker-sgelective characteristics, For example, in
the vowiel /a/, the essential acoustic fe ature is the close-
ness of the first and second formants, resvlting in a broad
concentra LLOA of encrgy in the neighborhood of 1 kHz, The de-
tails of the Bl F2 relationship, such as relative amplitude

of’ the spectrum peaks, absolute frequencies, or, within limits,
separation of the peaks, are probably not important for the
perccption of /a/, as evidenced by the fact thal the product-
jons of different individuals differ in these respecte,

The phonology of the language inposes constraints on the
combinations of phonemes which may form words of That language.
If The presence ol onc phonemc constrains the possible pho-
nemes which may follow it, then certain rules for the product-
ion of’ that phoneme may be optionaly their function has already
been performed by the constraints impoged by the first phoneme,
PFor example, in English, if a stop follows a nasal in a final

consonant cluster, it must have the same place of articulation
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ag the nasal, Words like bump and bunt occur in Englisp, but
bumt is not allowed., Hence a speaker does not have to be
precise in his articulation of that stop. Variations in that
articulation due to diifercnt speakers would be cxtra-linguis-
tic,

Certain articulatory features or fealure scts are not
used for phonetic dietinctions in some languages, These too
are altribules wihich may vary bepveﬁn speakers, For example,

|

in English, voicing during closure of a voiced stop is op-

In addition to the gencral requirement that the measure-
ments ve efficient, the nay also be requirements imposed by

the specifiic implementation of the speaker recognition system.

n

&

In speaker verification, it may be assuvmed that the speaker

s cooperative, since he wishes to be identified. (The pos-

[

sibility of mimicry has not been extensively studied, but it
will eventually have to be considered.) In speaker identifi
cation, hovever, we may not be able to asszume that the speaker
is not attemptling to disguise his voice, This would mainly

alffect measurcnments which are derived from lecarned character-
istics, such as dialect and intonation, Tt is also possible
that some structural charsacteristics would be modified,
through a distortion of the vocal tract such as rounding the
lips or placing obJects in the moutn, A serlous effort to
thvart voice diszulses would have to include a study of the

acoustic characlteristics thot would be affected,
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The Trequency characteristics of the trensmission systen
g 2 oy S Ry P vy ey o P e PR } K Fa . -
that carrics the voice sgignel mey afiect the choice of mea-
surcenents,  The telephbone, for example, has a brﬁQ’LOb' e -
stricied roushly to the renge of 250-3000 Hz, so high-Trequen-

cy spectral chavacteristics are nol present and direct mea-

v

Fal

surenent of fundamental frequency is not possible. (Of course
it is possible Lo reconstruct the fundamentsl by suitable

processing,

pa—
1
1

In general, temporal patterns and measurcnents

o

with the dimension of freguency, such as fundamental and

Fal

formant frequencics, would be undistorted, but some sort of

-

compensation for the c¢ffect of tra ission charactleristics

o

would be required for measurements of spectrun amplitudes,

3. Evaluating candicdalc measurements

oo

Given a number of possible ncﬂourements which have been

2

tent

"J-

selected wilh as much at on as posgible to a priori con-

sideratlions such as those outlined above, how can we evaluate

the sultability of cach measurement to the speaker recozni-

Iy

ps

tion problem, in order to know which ones to keep and which
ones %o discard? Untortunately, there is no obJective way of
evalualing a measurcment by itsell., The ultinate utility of
a neasurement depends upon the nature of the classification

L

system that follows it, Only after a classifier has been

\4

coupled to the neasurene nt system can such meaninzlul measurcs
as ervor rate and diciribulion of errors be used, However,

given the results of @ measvrement performed on muliiple re-
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ra

petitions of an utterance by each of a sulltably chosen set
of spcakers, we can evaluate certain general but uselul pro-
perties related to the capability for separating speakers

2.

and to the extent of interncasurcment dependence,

3.3.1 Ability to seporate gpeakers

The measurement data for each individual speaker may be
regurded as samples from a distribution associated with that
speaker, The individual speaker distributions of an ideally
effective measurement would be digjoint., 1In practice, they
are nol disjoint, but it is desirable Thal they be as narrou
and as widely separated as possible, in order that the test
value of & measurement be associated witn as few specker dis
f

tributions as possible, An intuiltive measure of this condi-

tion is the average rclative variance, which may be defined

as the ratio of the average individual speaker sample varlance

to the total population sample variance, If {this mcasure is

L., o -

low, then on the average, The individual distributions are
narrov with respect To the distribution of the population,
A similar statistic which has been found useful by pre-

vious investigators is the F-ratio of the analysis of va-

riance (Pruzanslky and Mathews, 19643 Das, 1969}, For the
cas

e where the number of measurcments is the same for cach
speaker, and cqual to n, the F-ratio is given by:

n(ve _of speaker means)

(Average oi spoaii

Bos
T variancoes )
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(Since this statistic depends on n, a more gencral statistic
would be ¥/n, bult in the present study, n will always be equal
to 10, so this normalization nced not concern us,) The value
of I incrcases asg the individual distributions sbre 2d farther

J

apart and as they become narrovuer, The F-ratio has the de-

s

sirable property of invariance to transzlation end scaling., It

_te

P

is shown in Appendix L thatl ranking neasurements according to
descending values of F 1s COULVJTCHL to ranking them accord-
ing to ascending average relative verilances, Although the use
of F is intuitively appealing, it should be pointed out that
it is not optimal in the sense of minimizing any crror proba-
bility, and it tekes no account of possible dependencies be-
tueen neasurensnts,
Twio other statistics have been proposed regarding the

capability of a measurement to separate classes, Divergence

(Marill and Green, 19G63) end mubual inToraation (Lewis, 190623
Kamentslky and Liu, 1903) both require the estimation of the
underlying distributions, Since in thig study tThere were.
only 10 repetitions of cech neasurement for each speaker,
these statistics did not wcem feadiTy applica

3.3.2 _Intermessurerent depcndence

Muehi intermeasurenent redundancy can be avoided by in-

tellizent cholces of measurements, I a spectrum is measurcd

in the center of & tense vowel, another spoctrum 10 or 20 mzec
later will probebly yicld 1ittlc new informmiion. Hovever, if



the neczurenents conccerned are less cleavly related (e.z.,

cnerzics in cerlain specltrun ranges in cc:u“'n phonenes ), the

ntuitive approach becomes inadequate, Statisticel testeg of
indcnendence that would epply to this sitvation do notl appear

to be easy to find, In the present study,2 procedure has
been developed which ig related to this problem, but not in
a strictly guantitative war. This procedure grew out of an-

other ingulry into the separzbility of classes, vwhich will

The resulta of a sinsle measurenent on a sel of speakers

be represented picltorlially as shown in Fig, la, The n

repetitions for each speaker are plotted in a horizontel line,
and the date for eacn of the m spealers g plotted on a dif-

ferent line, 1If the measuvresent ig a 2ood one for gpeealer

recognition, the individual speaker calta will be clustered

and the clusgterz will be geparated frow one another, A datum’
is termed digerim’neble from snother spealer i it lies out-

side the range of thet spealer as delterviined by the date of
neaker, For example, in g, la, the rightrnost datuun
of speaker a is discriminable from speaiters b and d, bul not
from spealer ¢, Only comparisons. wilh other spealkcrs are

considered, X this comparison s werformned for each ol the
mn data against the n-1 other speoalers, an average neasure of

anse exclusion discrimineiion

is given by

: d
Frea = Tigr™ -
red nra i)

vhere @ is thoe total number ol such daltuvm-gpealer discrining-
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tions., MThis quantity is a relative freguency; therefore it
may be regarded ag an estimate ol the average probabllity ol
discrimination of one gpeaker Trom all other speakers in the
set, uveing this measurenent, and accordiny to the range ex-
clusion criterion stated above, This is adnittedly not a
good estimate of the discrimination capebility of the mecasure-
ment on the set of spealiers, nor is it seriously intended to
be., It measures only the extent of overlap of the ranges of
the individual speaker data, Roughly spealiing, if the mea-

r-\
2

O]

surenenl 1s a poor one for spealker recognition, the rang
will overlep; if 1t i1s a better one, they will tend to over-
lan less,

This procedure may be extended to the case of two or

e ﬂ

P

more meszuremnentg, considerced jointly, In this casze, a datum
(of two or morc components) is termed discriminable from
another gpeaker if 1t lies ouvtside the range of that speaker's
data in one or more dimensions, For example, in Fig, 1b,
data b, ¢, and d are discriminable from spealker a, but data
e and T arc not,

Note that the total proporiion of datum-speaker discri-

minations ig the same I the decisions are made considering

1
[

all measurements jointly, as above, or if the discrimination
decisions are made by first applying this procedurce using one
rmeasurement and then applying it to the datum-gpecaker pairs
not alvcady found discriminable, using the next neasurenent,

and so on, Yhe celfecet off applyinz thic r,e.d, procedure uwith
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the first measurcnent may be regarded as removing a proportion
of the datun-gpealier palrs Pl from further consideration,
gince they have becn found 1o be discriminable, The sequen-
tial application of the r.e.,d, procedure with the second mea-
surcment effectively operates on the remaining proportion
(1 ~ Pl). Aféer the sccond application; a proportion P12 of
the totesl datuh-speaker pairs has been found to be discrinin-
able, If probabilities, rather than probability estimates,

were being used, and the two measurcments were independent,

then:

I

Pio >

(1 - Pigy = (3 = Py) (1 - py)

We may czpect that the estinmated probabllities may approxinate

Py (1 -~ Pl) p

this relationship, or that the statistic

Wwill be close to zero Tor the case of independent measuremcnts.

In fact, as will be shown in Chapter 5, this statistic

s
[}

small for measurement pairs that may be intuitively called
independént and large for obviously dependent pairs.,
Unfortunately, the distributiqn of this statistic under
the hypothesis of independence is not known, go it is not
pogsible to assign a critical region and zignificance level
to this test, For the purposes of pragnatic pattern recos-
nition, it may not be neccssary to have étrictly incéependent

measurcmentcs, It may sulffice to uvse measurements that are
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mercely nol strongly dependent, for which purpoge the Al-test
with some throshold oxr the lowest combination of values of
Al for pairuvise comparisons of measurements is a useful

techniaue,




CHATYRR &

RECORDING AND PROCHISING O DATA

N

The speech data ua
speakers, ranging in age
ticeable speech defect,

controlled; two speakers

4.3 Scope of the exoeriment

taeken Lfrom 21 adull male, American
from 22 to U2 years., None had a no-
Regional accent was not closely

had mild southern accents, All

speakers vere stalf or students al the Massachuselts Insti-

tute of Technolozy.

They were apprised of the nature of the

experiment and were accordinzgly asked to speak normally.

Ten repetitions of six short sentences were recorded from

each speaker,

Thie text of the spcech data was specilied by the experi-

menter’,

Tnis is the usual condition in any spealker verifi-

cation paradignm, and it may nol be unreasonable in the case

of ildentification., Tnis

ecessary because the acoustic

"

o)
o]
w
o
o}

measurements were to be performed on specific seguents of |

the utterances,

The speccn data was recovded in a single session, Only

speakers vwho werc reasonably free from colds or other inflamn-

mations viere used, Yhe

stability of the mecasurements with

respect To time or to the state of nealth of the speaker was

not investigated,

The speech veas recorded under low noise conditions with

high quality, wide bandwidth cquipaent,

The effects on the
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measurements ol a rveduction in gignal to noise ratio, band-
width, or olher condition ol fidelitly wai noﬂ investigated,

Since the construction or simulation of a complete auto-
matic spealker recognition system wags nol the aim of this
study, the locations in the utterances where measurementu vere
made were detérmined manuvally, They were delernmined system-
atically, howe&er, in weys thal vere feltl To be amenable to

avtomatic iumplementation by simple computer prograns,

L,2 Devising test ulterances

Devising tnhe test utterances really cennot be separated

Cfrom selecting the measzurements, since the utterances are

the vehicles.for providing the specch evenls on uhich the
measurements are nmade, The measurements that were investi-
gated will be described in detall in Chapter 5., Azide from
the natter of the specific apeech segaents to be included,

.

there sre general considerations vhich must alszo

cnter into
the process ol meking up the utterances,
Prior to the main experiment, some informal invesliga-

.

tion was done on the senlence, "She remembers me," spoken
by 10 people. As a regult of this work and some usze of the
microphona inpul to the SPADES computer configuration (sce
section 4.,4), a number of trial hypolheses were made about
speceeh events that should be included, and something was
learncd about the rudiments of segmentation. In addition

to specific items to be investigated, such as fundamental
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freguency in stresscd and unstressed positions, naszal con-
sonants, and certaln vowels, it was desired to include & wide
variety of vowels, dipnthonge, fricalives, and stops fox
possible investigation,

In this exploratory situation and also in practical

situationa, at least secveral seconds of sgpeech data are re-

guired in order to provide sufficient number and variety of

9]

speech cvenles for measurement., One or nore sentences arc

vammatical senten-

iy

preferable to isolated words or phrases. G
ces provide the speaker with a standard and hopefully unam-
biguous interpretation ahd hence a well defined pronouncia-
tion,

Once the specific speech segments Lo be mcasured have

been selected, the taszk of incorporating them into a suitable

sentence can be a frustrating one., The speech segments should

4

be placed in favorable environments in the senlence, and the
2

sentence should be easy to segment, natural to say, and usuval-

1y spoken in just one way. It is no wonder that such senten-

ces somctimes end up appearing rather contrived!
In a declarative senlence, the speaker normally lets

his pitch and amplitude fall at the end of the sentence.

o

1. .7

Intra-specaker variability is probably increased at this time,
for the pitch periods often become irregular, and there is
a tendency to accompany the drop in voice level with less
precise artviculation, For this reason, the final syllable

is generally nol sultoble for measurement, I a steady-state
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vovel measuvrcrment is desired, that is, one primarily Influcnc-
ed by vocal tract siructure and articulatory position rather
thén by dynamics, the vowel should be pul in a context vhere

4

the Tormant targets or steady-ctate positions are likely o

be reached, Vowels should notl be put in words in positions
vhere they are reduécd. If a vowel is siressed, il is gene-
rally lengthened, 1t has also been found thal a vovel is
lenzthened before a voiced consonant, and that vowel formant
targets are more closgely approached if the conszonantal con-
text is a stop rather than a fricative, even though the dura-

tion is shorter (3tevens and Houszse, 1963)., Nasal consonants

oA

ften short,

C
*-'3

which are inherently lou in intensity and arc
are clearcst ahd loudest when they precede a stressed vowel,
The uvtterance should be designed with an eye to the
segmentation and recognition that will be required in order
to locate the measurcmentsz, For example, the sentence, "How
are you?" would be much harder to segment than "I saw Tom,"
because of the lack of voiceless ségments and stops. Stobs

2. e
V]

and strident fricatives arc useful landmarks for cueing the
segmentation of the sentence, but they cannot be sprinkled
in too liberally, or the sentcnce becomes difficult and un-

natural to say, Since we rely on the speaker using his own,

om

P

well-eslablished specch gestures, we wish to winimize un-
naturalncss, The problem of recognizing the beginning of an
vtterance can be minimized if the utterance begins with a

stop or a vowel, TInitial Tricatives and nasals should be
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66) employed an interesting device to
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promote nzturalness, They used short phrases like, My name

0

is ( Y." They reasoned that the speaker would focus at-
tention on saying his own name, and hence the first two words,
whicn vere actually used for measurenent, would be frec of
undue emphasis,

Some words in Engljsh’have more than onc accepteable
pronounciation, and individuals are not necesgsarily conszist-
ent in the version they use, particularly if they have lived
in different regions and have been influenced by different
dialects. Cqmmon examples of such words are a, either, and

aunt, Stress can be similarly affected, as in downtown,

-

It is'desirable to avoid al least the most common of these
words, in order that the pewrformance of the system not de-
pend on the spesker's remembering a standard version of the
utterance, Naturally, the sentence itgell should be uvnaii-
biguous, since the syntax affects the pronounciation,

For the purposes of this experiment, the six short
sentences given below were devised, This task was not an
easy ohe, and some of the consideralions mentioned above
were occasilonally compromised, The linguistic content ol
these sentences is certainly beside the point., The nuwbers
asgocliated with the sentences will be used to refer to them
later,

~4

1, Cool sghirts please ne,
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2. >ay the man firvst, pleasc,
3. T cannotl renenber 1€,
. Papa neceds two singers,
5. A few boys bousht themn,
6., Cash this bond, please,
Iven thouzin no automatlic segnmentation vwas contemplated
for this experimcént, each gentence begins with o stop or a

voviel, The first word in sentcence 5 was occasionally so brief

-
joy
jab}
ct
<
o~
ct
0O
)
s
H
I}
[

rance initiation 1logzic might have missed

2.

last sgyllable of each sentence

|

s intended as a "filler"

because of The voice drop mentioned above, IT was found,

4

hoviever, that the use of the word please on the end also kept

z

the voice 1e§el high at the end ol the sentence.

The scntences vere designed to include a variely of
specch sounds, not all of which vere investigated in this
experimnent., Some of the principel ones are pointed out be-
low, as are some of the shortcomings,

1. Eggi_was Spocifically'used to get a good
exanple of /u/., In many words, /u/ is not
Tfully articulated, 3entence 1 also contains
the fricatives /%/, /s/; and /z2/ and the
voviels /%/ and /i/.

2. This scntence contains an example of Tthe

diphthongized vouel /e1,/ and also /a8/ and /37,

]

The /ee/ in man mey be neos

—

1 ized,

~
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3. Whis scentence contains the diphthong /ai/,
and nacgals /n/ and /w/ in prestressed positions,
Tt turns out that there arc two acceptable stress
markings for cannot, and care had to be taken
in reccording speakers to insure that the sebond
syllable was stressed, The vowels /a/ and /e/
may be influenced by the nasals,
L, Thig sentence contains /2/, /i/, and an /u/
that 1s too short to be fully articulated, The
/n/ is in prestressed position, but the /M/ is
not favorably located for purposes of automatic
segmentation and location, |

5. Thig sentence contains examples of diphthongs
/iv/ and /o1/ and the vowel /3/.
6.V This sentence contains /2/, /%/, /1/, and
/s/ . 'he /a/ mey be nasalized, Tne location of
the voiced stop /o/ following a voiceless sound
turns out to be useful (see section 5.6),

Obviously, the sentences also contain other speech sounds,

The stops and strident fricatives are useful for scgmentation,

as are the nasals when they occur betvicen vovels,

L.3 Recording proccdure -

The recordings of gpcech data were made in the Rescarch
Laboratory of INlectronics anecholic chamber using an Altcce

(]

684N dynamic microphone hung by a cord from the top of the




ho
chamber, "he microphone wvas positidncd 10 inches from and
2 inches above the lips of the spealker, Tno speecn sizgnals
were 1ecorded on a DPresto 800 tape decek at 7.5 inches per
second, Uhe recording apparatus was 1ocated.in a nearby
studio, Ten repetitionzs of the six short sentencez listed in
the previous section were recorded from ecach spealer in a

sion.,

o)
f")

singlc

ps

A program taepe was played to the sub|eot seated in the

anecholic chamber, Tnls tape contained an explanation of the
purpose of the experiment, ar explanation of the recording
procedure, and several practice sentences, The practice
sentences also served the purpose of allowlng the level con-
trol on the éabe recorder Lo be adjusted to the subject's
normal voice level,

The 60 utterances the subjectl was to say were presented
by means of the program tape., This was done, instesd of
having him read from a list, in order to insure uniformitly
off the stress patterns in each sentence and to pace the sub-
ject in order to avoid the intonation pattern of continuvation
that subjects often us o in reading items from a list, The
subject was reminded that there was a danzer that he micht
tend to slavishly imitate the exact intonation of the utter-

1

ances on the progran tape, and he was asked to "say the sen-

tences in the same sense as that on the program tape. tost

LS e

'

of the subjects wvexc acquointances of the cxperimenter, and

it was felt that in wost casce the uvtlerances were gpolen




naturally.

The six schlences vcre presented to the sgubject in mixed
order, alt intervals of 10 geconds, so as not.to‘tjre the
subject and, agzain, to avoid "list intonation," ) manually
operated switch in the recofding stvdio cut off the program

7.

material wlille the subject was spealddng., 1T the svbject
made a mistake, the program tape was stopped and he was asked
to rcpeat the sentence correctly.. ' .

ne master data tapes were suvbsedquently dubbed onto
submaster data lapes, using two Presto 800 tape decks. The
vtlerances vere rearranged in the process so that cach sub-
naster tape contalned one sentence, with only short pauses
between the 10 repetitions by each speaker, A copy of each
submaéter tape was theh made for subscquent anolysis, and
the svbmasters themselves were preserved as backups., The
double copyinz increased the tepe noise by several ¢&B, but
this was noticeable only in the high freguencies on the spec-
trum analyzer that vwes used in this study, Since nonstrident
fricatives were not going to be studied, this high frequency

noise was not important,

4,4 Analysie horduare and softwarc

The compuler facility of the Speech Communication group
is builtl around a Digital Equipment Corporction PDP-Q general

purpose compuler with 2MK of core memory., The computer i

<y
Il

coupled to peripheral equipment cspeelally designed to

P —



prograa rather than hardware, The speech source input was

h2
facilitate on-iline zpeceh rescarch (Henke, 1968), This high-
ly flexible arrangement nales it posslble, throush convenient
interconnections and proper progranming, to create in elfect
a special purpoge on-line laboratory instrunent,

A system of prograas (SPADEi) vas written to cnable this
facility to be used as a general and gpecial purposc spectra
analysis instrument, A block diazram of this configuration
is ghown in Fig, 2., This diegram depicts logical rathew than

physical uvnits, for the blocks enclosed by broken lines de-

note functions vhich are performed by varts of the computer

r/}

either an Ampex U401A two-channel tape deciz, which included
provision for control by the compuler program, or a micro-
phone and auplifier installed at the operating position,

2.

The principal speech analysis tool in the s

(

real-time spectrum analyzer, This consistzs of

O]
@]
Q
0
~
@)
(@]
[t
o
<
o

stage To emphasize the hign frequencies, followed by 36 single-

“tuned bandpass filters covering the range 150 - 7025 Hz, The

filter specifications are given in Teble 1, The center fre-
[

3}

gquencies are spaced lin=avrly up'to 1650 Hz and logarithmical-
1y thercafter., The characteristics of adjecent filters cross
al tneir 3 dB points. Bach filter is followed by an electro-
nic rectlifier and low pass filter (time constant of 10 msec ),
A 36 channel multiplexer selects the filter output to be

’

gampled, A logarithmic anzlog-to-digital converter glves
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b
the output veltage dicectly in decibels, A complete scan of
356 channels is performed in 1,5 msec, which 1s smell coupered
to the averaging time of the smoothing filters

4

Since the first harmonic vas present in the recorded
specch data, fundamental Irequency (Eb) could be measured by
the rudimentary scheme shown in Fig., 2. A low pass rilter
with an 18 aB/octave skirt slope uas set to a cutolff frequen-
cy of abvbout the highest value of Bb expected for the partic-
vlar speaker (often about 160 liz), The output of this fil-
ter then consisted mainly of the rirst harmonic. This was
sampled and converted to digital form at a 2 kiz ra te, and
a simple zero-crossing detection algorithm calculated the

of Fé. This method sometimes produced spurious

estimate:

(/)

values during unvoiced segments (since there was no check to
see 1 voicing was present) and sudden traygitions, but for
most voiced zegments, and for vowels in par ular, it gave
reliable and repeatable values, More effective and re-
liable pitch extraction schermes have been described in the
liferature (Gold, 19623 Noll, 1967). The limitations of this
one snould not be interpreted as limitations on measuring
fundamental frequency in automaﬁic specaker recognition sys-
tems, \

A variation on the menuzl analysis-by-synthesis proce-
dure desceribed by Bell et al, (1901) was implemcnbed for

N

voviels on the PDP-9, A vowel speclrum was anaolyzed by an

iterative procedure of postulating a set of pole positions,
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TARBRLS L, ANATNAXLIG WELAmR Sl
Wilter Center Bandwidth
Channcl Freguency (Hz)
) T A
Numbor 611Z )

0 150 100
1 25 100
2 350 100
3 450 100
I 550 100
5 650 1.00
6 750 100
7 850 100
8 950 . 100
9 1050 - 100
10 1150 1.00
11 1250 1.00
12 1350 100
13 1450 100
14 1550 100
15 1650 125
16 1775 125
17 o 1900 150
18 2050 : 150
19 2200 175
20 2375 175
21 2550 260
22 2750 200
23 2950 225
2 3175 225
25 3400 250
206 3650 D75
27 3925 300
23 h225 325
% 550 350
30 %900 375
31 5275 %00
2 5675 Los
33 61.00 425
3k 6550 W75

35 7025 b5



calculating the filter banl: response to a vowel having that
pole configuration, comparing the caleculated responsce to the
measured spectrum, and revising the pole locatlons according-
ly. Tn this version, instcad of the calculation of the
filter bank response for a given pole configuration, a 30
msce sesment of vowel is synthesized Tfrom these parameters
and analyzed by the filter bvank iteself, The synthesis is
performed by WAVS, the vowel poriion of a five forment 10 kllz
sampled data terminal analog speech synthesis program written
by Prof., W, Henke (19569), WNot only is this procedure fester

o

than the original implementation, but it is also more accu-

LS e

rate, since the synthesized spectrum is derived using the

measured value of Pb instead of an assumcd value of 100 Hz,
and there ig no error in calculating the filter bank re onse,

~

The principal limitation on the accuracy of the present

/

system is the quality ol the glottal source speclirum approx

¢S

~

s o most of the gectionsg of the prograum
SPADES aye displayed on a 16-inch cathode ray tube display.

An arrangement of pushbut Lono, knobs, and toggle switches

\)‘

5

provides a convenicnht interflface for the uzer to control the
operationof the program,

Yhe principal leatures of SPADES are illustrated by the
Ttypical CRT display sbown in Fig, 3. The short-time spectrun

and fundamental frequency are neasurced every 10 msec during

an uticerance, The data bufflcrs have a capacity of 2.5 scconds

o

e T
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P

of’ specch at thizs rate, The two grephs in the lower part of

Fig. 3 reprcsent iunctions of lime, from O to 2.5 scconds,

L&,

g)

The lovier graph 1s fundamental frequency. ch upper ono,

A . A 1 ~
wihich will be called the "energy function is formeu by sum-
] J

[T
ming and averazing the outputs of certalin filters, selectable

by toggle switches. For nasal consonant measurcaents (and

S

Fig, filters 5-8 were useds in 21l other cases
2 2

]
e

1ters

0-5 were found to worl well, With thesge groups of ilters
) 5 1Y s

zy Tunction is a measure of Jow frequency eneriy,

()

the encr

and it is used as a "gylleble map" of the utterance Ffor sc

o1

mentation purposes, The vertical cursor shows the point in
the utterznog at whicnh the spectrum digpleayed above was
measured, Other capabilitics of this prosran include the
neasurement ol the amplitude and frequency of any feature on

the displayed spectruwa, sltoraze of a selected spectrun in

one of 16 special buffers for later comparison and measure-

S

-~

ment, the typing of spectrum data numerically or zraphically,
and the performance of specilal measuvrements, such as second
and third central moments,

4

The spcech data was kepl in analog form on the tapes

o

since storouge of the spectlral data in digital form would have

becen far loo bully., Thnis meant that the data was noi

i T exactly

the same each time it was analyzed from the annlor tau
the sampling PO inte were differcent cach tihwe, This was not

s e L . - 4 4. L e N S Sy e s . Rt
lmporeanc, sinee utne vype of weasurenenls being studied should

not be senzitive to winor variations of this type,
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TR MASURNARITES THVESTIGATID

In this chapter the

to be mezosured and the form of The mcasur

viere rejected will also be mentioned,

“

matters of the bp”C(LlC speech cvents

ements perforned on

tlhere appropriate, neasurements that

Quantitative evalua--

tions, as discussed in Chepter 3, uAll be presented for cach

neasurenent,

vias evaluated by means of

cedure, The algorithm

cussed in the rinal

Hoxr ea ch measurenent,

Je

sentence was read into

P

within tThe sentence vwas

and the results ob

The collective effectiveness of the measurements

1y

a simple speeker identi ation pro-

tained will be dis-

section ol the chapter,

each examplc. of tne appropriate

computer, the measurenent locatlon

manvually located, and the necasurecmnent

datun vas manually or avtomatically recorded, depending on

the gpecilic measurement

Fa Wy -~

the elfectiveness ol The

exploravory, it was felt

L4

experinenter and the segmentation and

was preferable to having

implementation, Since this study or

acoustic measurements was esscentially
that this interzction between the
neasurcenent processes

trial measurements perforied auto-

maticelly, even at the coct of long hours spent taking mea-

-

surenent dava.
Once tne mechanicsa

to the point whsre data

of a trial measuvrecment were developed

would be talken on every spealer's

uvterances, the measvrenent locallons viere deterained by LJ“ch
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rules and procedurcs, zo that the influcnce of fhe manual
location vroccdurcs would be mininized, Figurcs 4 and 5
contein spectrogsrang of one exanmple of eaéh of the six sen-
tences contained in the date. The locations marked on themn

111 be referred to in the sections pertaining to the spe-

ate

cil'ic neasurcmenta,

1

In the course of the investigation, the various acous-

tic measurements were given mnemonic names, which will be

uged in this chapter to refer to them., The pe inent sta-
tistics for each measurcment are summarized in Appendix T,

5.1 Fundamental frecucncy

The measurencnts of fundamental frequency proved to be
the most useful single measurenents investigated, Bb vas

measured at specific locations, rather than as an average
over the whole uvtterance, for two reasons, First, pitch
measurements at several locations in the utterance would pro-
bably be very dependent, bul in addition to average pitch,
théy vovld contain information about the piteh contour, wvhich
had been used by Atzal (1988), Ve wished to find out if such
measurcemnents would be useful in the context of a small num-

£

ber of efficicnt nmeasvrenents (or if we would do better to
meazure piteh only once and make other, less dependent nes -
surcnents ), Second, we wisiicd Lo £ind out if the increment

in Fb ague 1o stress would be useful,

Fundaomental freguency was Lirst measurcd at six loca-
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Q tionz in sentence 3, The names and locationg of these nca-

surcrents are lisgted belovw:

3101 : during the niddle of 1 as shown by the large

the energy Tunction corrcesponding to

pealr In oy
to that sylleble (point 3a in Fig., 4).
3F02: during the piddle of the first vou in

cannot The energy function drops sudden-

Ly at the onszet of /n/, sothe voucl is de-

A

lineated between the burst of i/ and the
beginning of /n/ (point 3b in Fig, L),

3I03:  at the peak of F  during the syllable not
(point 34 in Pig, %), Cannot wes stressed

on the second syllable,

304 : during the Tirst vouwel in 1~10'b

peak of the cnergy function for
(point 3e in Fig, 4).

3F05: during the middle of the gecond vowel in
reperber (point 3g in Fig. %), The nassls on
either side clecarly delineate the vowvel in

the enerzy function,

310G:  at the pealk of ho corresponding to the stress
on the second sylleble of remember ( rt 3n

in Mg, ). In those cases where there ves

a peal in Ib due to the slrece, it usually

. occurred duriny the second /n/., If {hore viag
k\.,/) e -y e " .
no wrisc, 300 was gilven the sawme value ag 31005,




C

5
The incroments in Lb at the stressced gyllables in cannot
and remenber were obtained by subltracting 3F03 from 3102 and
3F05 from 310N, Inspection of these data showved large varia-
tions within most individuales!' ulterances, Since in many
cases these variations vere cbout the same as T
the possibility of using Uthese lncerceuents as characterizing
measuremnents was abandoned without further analyslis, Mea-
surement 3700 was also discarded, since it was often no dif-
ferent fron 3105,
The F-ratlos for the five rewaining measurenents are
given below,
lMeesurcment F-ratio
y - l®

3FO1L 61,8

3102 71,2

3F03 30.9

3170 51.¢8

3105 52,8
Measurement 3103 is rated epprecisbly poorer than the other

four, A gecond look al some examples of sentence 4 easily

snoved why, The stress in the word cannol was on the second

sylleble, Ag a result, I' began to rige during the /n/ and
often did not reach a peak belore the vocal tract closure of
the /t/ cut orf the voicinz, As a result of Lhls sudden
transition, the Fo nmeasurenents olften contained geveral spu-
rious (very hizh or very low) valucs at this point. 1In
these cagcs, the detun recorded for 3103 vas the last value

vinich connecetaed CU”U?“UQUJJ\ viith the previous values, Thus

there was o grealer time uncertainty in the location off the
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measurcenent due to the sudden articulavory movement at that
point and the inability of the FO mea;nremont‘technique to
handlc thig casc well,

The intra-gpcaker variability of this pitch measure-
ment ig probebly also increcased by an arviculatory phenone-
non, There is less neced [or precise contvol of the rise of
pitch due to stresz in this context, since the /t/ which

,

ends the stressed syllable effectively controls it by term-

inating the voicing, Thig context

b
—
o

v

v be contrasted to the

ere 1s no interruption

oy

sccond syllable in Ve*ﬁﬂb“r, shere t

of the eirlflow through the larynx, so the Fb contour musgt

be explicitly controliled, The noral of tThis story is not

Q

to place FO measurcments in locations coincident with sud-
den transilions from a zonorent to a nonsornorant,
Fundemental frequency was also measured

locations in sentences 5 and €,

5F01: in thce niddle of fevw, as shown by the energy
function (point 5a in Fig, 5). (¥ = §1,0)
5802: at the pealr of F_ in few, usually very close

to 0Ll (point 5b in Fig., 5). (F = 81.9)
5303:  in the middle of the diphthon; in boys
(point 5¢ in Fig, 5). (¥ = 54,3)
5¥ON:  din the middle of boughit (point Se in Fig, 5).
(1" = 69.5)
ATRO:  in the middle of the vouel in cesh in sentence

6 (point Go in Pig, 5)., (¥ = 72.2)
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ihe valucs of I-ralic Tor these [ive measurencnits coil-
firm thet the veriability in 3103 wes o special casc and nov
& conucguence of the syllable being slressged, Azide [rom
3803, every Fo measurcncent had a highor value of‘F~ratio
4

than the nc:b best messurenent, VWith the zmaell nmouaber of

exannles at hend, there seens to be ticular adveantage

@]
=
O
-
\_
o9
e
c\

to streszed ov ungtressed gyllablez, It should be noted

that the use of an I’ measurement reguires the assumption

o]

that the gpealier is in sone kind of nowmal, cooperative

che purpoge of voice Gisgulse,
5.2 lHesal consonunts

e erticuletory configuration of the nasel consononts
makes them particulerly appronriate for >oker recognition

IS

L]

asurcments, They arc formed by closinz the mouth cavity

L LI

at some point and opening the velun, permitting air flow
.

throuvuh ©he nasal cavity. Hence a portion of the acoustic

-y

- 2z .

Tor nusal consonants is Tixed 1

svaten end is not subject to

\,
arciculator,; movement and variation, Glenn and Kleinex

(1988) state that thoe other articulators do not move durinz
the period of oral closure, in contrest to the

constent motion during obther phones of

S . 2y pemealey g e J R S SOr S e O T S -
statennent is DOTNARE &Y AVOTCiie Tl I, but ;_,I)CZCL it O
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nanel consonants are charvacterizned by
antz during the nasal murnue, Burﬁbcrmofc, nagal consonants
arce not rere evenis, pul hilse 114 of the phoneindc content
of coumonly spolren Enzlish (Wol

Since the pouth cavit it introduces
zeros into the spectrum of nasal consonants, “Yhe spectlrun

of a clear /m/ is shown in Mg, 3 in k., The region

bevvieen the first fornant &nd the second spectral peair con-
tains & pole, but the lovest zero due to the nouth cavit
hag effectivel, cancelled its effect in the spectrumn., The

third and fourth speclral peeits occur eround 2 =zind 3 kiz,

The epectrum of & clear /n/ isg similar, dbut the shorter mouth

che mwouth and nesa2l cevities can

an¢ hcence on tine individual speaker, The analysis and ex-
Y T — - T - ~ oA
perizents of Funt (3980) and Fujinura (1982) sugzest that

Tied to the nazel cavity alone
Uhe firzt fornant iz very low, and il is ascribed to &
lumped-cireuwlit resonance betueen he pharvnzeal and Lhe
napnl o covities,  Fojimuvs Toand 1T to be coile stable, e

aaconG Loriwint, usunlily not visgible in /n/, tul often visible
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in /n/, scemz to be wpproximntely & guarter wavelength re-
sonznee of the nasal caviily, alone when it occurs around 1 Xilz
in /n/. Tujimura ascribes lhe formant occurring around 2 1diz

v /m/ to the nasal cavity by virbtue of ils siability and

}4 N

ith, He also comments on the steblility of the
fornznt arcund 3 ¥z in /n/, which Fant assizng to the
guarter wvavelenzlh resonance of the nasal cavity,

Theze arzuments suggest that the locetionz of these

speceltral peals would make good smneaker recognition neasure-
ments, since they are closely tied to a specific aratomical
feature, Tn actual fact, the nasal spectixa, at least as
shown by the 306-zhanncl filter baank, do show varislions amons
spealiexz, but these spectral peaks are olften impossible To
idenvily, thus Teiling the neasurability crilericn,

Somc examples of This variation of the vigible features

are shown in the computer disclay photozranhs in Fig., 6, ERzch-

row contains four examples of /m/ by one spezlker, and dif-

ferent spealiers are represented by different rows, The top
row ig by the game spealer as in Pig. 3. The sgecond row
showsg a specaler whose Bé is not completely cancelled by the
zero, resulting in a gmall peak around SO0 Hz, The third row

shovig & spcaker vhosze F2 and P, are poth considerably affect-
ed by the zere, vesulting in a lack ol pealks in that region

- Fe . R, - - ey Ny a2 N s < -
of the specirun, The Tormant damping is generally hicher

.

in the nasalg than in the vowels, and Lthot

1, ney elso have

. P

contributed to the weclmess of the pesks, In the Tourth rowu,

~

peoll around 3 KHz is abeent froa the spectrua, This

N
n
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probably duc in this cose to the proxinity o

i Yhe bo

ity is Aifficull, i notl impossible,

the reduction in the delinition of spectral

Tthe higher daawing of the nasol consonants

cult i not imposgible technique, Prof,

6O
7 that pole witn
ttom two rous
aticn of

ne spectra of

aoice Tormant meo-

3]
o}

Kiett suggested that the individual filter outputs in the

nelgnnornood of these formznls be examined to see i they

are generally sensitive {o chenges in forman
Since sucn dalte are subjecel to varietion due
in voice level, they nust be suitably nornsl

filter ou

to an intensity-normnlizalion term for each
subprogran wvas veed Lo make penents in
the /n/ 2nd Cirst /i/ in sentence 3 (points

Fig., U), ™They vere nornalized b

Ctheeneryy [unction in the following vowel,

of Ttie noaels, Uhne nesal consonants Lhen sh
enersy Tunctlon os showt rosions of noticceab

(vofer bacl: Lo Mg, 3).

v sublracting ©

to

ized,

ich performed the

bouts, subject

utterance, This
the middle of.

3¢ and 37 in

e value of

Filters 5-8 were

since it was found

ovied up on the

Ly lower valueg

Ny~ oy mo o s N TR N Yoy
LCIe Nas: .1._ meas l].].‘C‘LA‘!C)}.lJL/ Soviere E."LV 211



the hones 313 ow 3Mi, vwncree 1 1s the {ilier nunber,

In this manner, moeny diffcrent neasuvrements vere accuini-
lated for thesce examples of /n/ and /n/. Tigure 7 shovisg graph

o7 {the I'~raetio Tor eacn nmeocsurcrnent versug filter number

PN

cnee ver ‘v'~frcquency). The measurcments taken Trom the

filtcrs That rouznly correspond to the Trequencies of the

spectrum fecatures described above make broad peals in the -
ratio curves, Tnce fact thal These maxima are nof Just due
to single points haVing nigh valucs supporis the contention
that they represent these féatures. These maxima correspond
to the region of pole-zero interplay below 1 kHz and to the

formonts asround 0,25, 2, and 3 iz in /uw/ (filiers ]
and 23), and to the formants around 1, 2, znd 3 k¥z in /n/

BN L O = SN R 1o T s a e
filters o, 1o, and 253). fhis tecnnique falls shert of the

criterion of tying & neasurement directly to a structural

feature, but in the abgcnce of the ability to charoclterize
speakewn by the localion of cerlzin spectral fealturves, it

coeg tlalwe Cor Mizence o) the locations of the polez and zeros

underlying the spectra,

—~
o)

Al thougn

g

nascl consononts are less subject to nove-

nent ol the articulators than other sounds, they mey be par-

ticularly sensitive to the state of health of the gpeaker,
Certeinly a bad cold can block the nasal pessase complebelw,
with the result that the nosals are transformed into the

corveesponding volced mlops, No worle scems Lo have been done

on the citecty of rooy lt”&oY\ inflaormotions on the scouvstic
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correlates of mpecech, so il is nol possible To

et
-t
}...

o 2
clu

(.l.
a3l
,_x.

time Tthe conditions under wich these or other mewsurcncnits

will deviate signiilicantly from thce normal,

The lenzth of the voceal tract and the sizes of

rious perts determine the frequency ranges of the Torments,

2

Speakers differ somewhat in these ranges, yet listeners con
easily perceive the some vowel in spite of large dirferences
in vocal tract size (Feberson and Barncey, 1952). Range of

(Ledefozed and Broadbant, 19575 Shearrne &nd Holmes, 1959;
Hiller, 29C4%). It has alzo been shovn thot the identification

of a vowel can be stronzly influenced by changing the fornent

(]Jc"

This last £inding suzzests thalt the listener e

~
t

plics sone kind of

normaliization
- o ey Tres Wz Moo S haam sty 2 q ey e = R

for each cpealzer, Une “calibroting information for this

nornalization must come from the first few instents of speech,

sinece we can lnmediately undersland the specch of a stranger,

mw

A Ry L S P Tt ciqmey e 1o KA - PR
Since this normalization ig speaker-gs its acoustic

correletes would be or zpealker roecognition,
T - ~ S ver o B T 1. . i1y 2t A e Egl - S SN
Hemdal (1907) uscd the fortant frecuenciles of the schve

vorel (/a/) ag refevence dete for fowviont varicbilily compen-

gation in a speeceh recognilion cipering vwith noderats suce-

1 Jo -

cess,  dw was thought thet this neutrel unsirczsed vouel y,ulg
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Jos

rellect the voeal Tract lensgth of each individual,

toman (19680) has shown that sceling W and ', linecr-

U 2

ly betveen the extreme velucs of Fl and Eé Tor ecach spealier

is en effcctive procedure Tor reducing vowel Tormant varie-

Ger

-
[#

rn

bilily across mony spcalers, This procedure suzgzests that

the extremes of vowel articulation (/i/, /a/, end /u/) provide

gonme gort of relfcrence points for the formant ranges of the

individvel, It can perhaps de are gued Tnat these articulations

are more stable than others

L]

e they require control only to

b

(,

53N

(¢}

3

the extent of moving the articulators to an extreme positilon,
as oppoced to an interimediate position, 1In fact, it has been
found that the first two formants in /i/, /a/, and /u/ are
the least seﬁsitive to the efiect of context (Stevenz and

lovge, 1¢463), This argunent is supported by Stevens! {theory

e L o [

ES

of the guantal nature of certain vowel articulations (3Stevens

Qu
)
9
=3
[erh

Fovy vovels wviere examincd

(VA

helr use in speaker ro-
cognition measurements, They were the schwa in sentence 2
(point 2a in Mg, 4), the /a/ and /i/ in sentence 4 (points

~

b and 4o in Fig. 5), and the /2/ in sentence 6 {point Sa in

v o P - - NP S o ) Ty . =
The formants off the schwa vowel are ideally spaced at

intervels of approximetely 1 iz, and hence they show up as

'-
s
oA
<
=
o
o)
-
10}
=
o
jn}
(.—:<
@)
.
—
Ci
@)
bt

pe)
o
(23]
e
’-I-
Y

gnectrun analyzer,  Yhe

o ey 1 " »4-‘|,\ ~ -7 P 7 W EY Y T oy - -'

Formant freguencles were measvred using a peek intervolation
algoerithn ia SPADEYL, wvhich ovghly interpoloter the froauency

e,

4 - v AT PN N - - E e o NAREY e PR - -
ol & speecvral peak fron the local nowximun and the deto on
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either side, 'The pealr corveuponding To Lé viag generally veall

venily unclear,

1
!

and occasionally absent, and Fq vias also fre

]

so the firet two foriments were the only measurcments analyzed
further, For measurencnts UHVL and UHEF2, the values of F-
ratio wvere 21,1 and 4L,0,

IMeosuring the frequencies of Fg, F3, or F4 in the vowel
/i/ is often nol possible with the filter bank spectrum ana-
lyzer, All three formants combine to form a broad concentra-
tion of energy in the 2-% kHz region, and the anélyzing fil-
ters arve not narrow enoush to permit the regsolution of the

individual peals in all cases, This condition is illustrat-

ed by the examples of /i/ from four spealers shown in Fig., C.
The shape of this broad hizgh frequency pealk, vhich is deter-

mined by the frequencies and bandwrid

seenz Lo be characteristic of the spealer,

A subroutine vwas written to evaluate the second and third

central monentes and the sgkewness of any freguency range of a
selected spectrun, These mespurements pertain to the shape

of the gpectrum as displayed, i,e,, horizontal coordinate re-
&

presents Tilter nunber, and vertical coordinate repregents

aplitude in dB, The skevness 1z defined os

ﬂa___
g

J =

whcra,yb ana A/

was Tound thatl since the veriance of,bé
that of 4, the gkewncos neasvreunent behaved ginilorly to A
- 3

are the second and third centrel moments, It
4.

res muen greater than

J




Fisure 8,

138

168

157

118 134 133 148
g “ '*..-.-"': ., .. e =" ... et
147 152 156 143
136 150 133 142
Spectre of /i/. Each rouw contalins 4
a single swucoazlker,

66

exanples by
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6
and i1 was subscquently discerded, It was also realized that

-~

these moments depended on the overall heighl of the curve,

o~ L

and that the portion of tne curve below the minimum value
made & large contribution to these moments, vhich remained
constant even.Li the shope changed, The algorithm was modi-
fied to colceulate the monents, setting the zero coordinate
to the minimuvn velue in the ranzse, so as to produce a grealer

-

variation in the moments, due to changes of shape,

The freguency ranze 1.55-1,55 iz was

6]
O
Y
jainy
O

lected for the vowel /i/, zince that included the najor por-
tion of the F -k
273

the second ceb ral noment, and JIU3, The third central moment

-1, concentration, For measurcuent 152,
P

F-rotios of 32,7 and 34.L werc obtained,
leasuremnent of Fl end ?2 in the vowel /e/ is alsc dif-

ficult for many speakers, These Tormants are close tozmether
producing a broad pealk in the range 500-1500 Hz, as illusirat-
ed by the examples of /a/ Trom four gpealkers shown in Fig <
The sccond and thixd central moments Tor /a/ were measured
ge 550-1550 Hz, but these measurcnents verce not
as successful as the ones for /i/, Tor AS2, the second ceniral
monient, anc AUJZ, the third contral moment, F~rétios of 11,
and 10,2 werc cbltained,

The enalysis-by-synthesis program described in Chaplber L
developed to pevalt formant neasurcements in the cascs

vhere the spoceltral poslze are not distinet, 'he analysis pro-

.
&

cedure consists of seleeting o spectrum to be analyzed and



N

87/

1689

Spectra of /a/,

a single sne

alier,

117 169 125 117
.'-..-\ - .\\'-\ - o o - -
112 118 113 110
104 123 108 96

Fach row contoins 4 exanples by



then manvally sctling the volues of frequency and banduidth

I~

2 e

off the firesl four Tornants by means of pushbutions and &

P al

knob adjustuent so that a good mateh is obtained betucen the

real and synthegirzed spectira in the renge vp to 3.2 kilz,
The fifth formant vas kepl constant at 4.5 kHz, Tfor it had

.

1Little effect in the comparison rangse. Tne value of FO mea -
sured at the time of the selected spectrum was used in the
synthe |
This teclnmicve wvas Tirsl apolied to The analysis ol /&/.
This vowel was fell to be an easy one, since like /8/, the
N

first four formants are generally digtinct Waith the experi-

ence gained on /2/, thc vovcl /o/ was also analvzed, TIn this

match could be obtained in a 1ittle over a minuie, and the

Job was made cagier by the fact that the 10 exanples by each

spealker viere gimilar, UThe task became tedioug for a large
number of analyses, This analysis technicue is amenable to

The mateh bvetwecn the two spectra, as cexpressed by the

squared error (Bell, et al.,, 1961) is nuci

—
=
]
2
L
®
=
(93]
[N
ct
<
o

ition, the bandwidths sometimes hod to be set to extrene

ghtl anpli-

tudes, particularly in the casce of ¥,, Thnis condition is R
3
altcibuled to incccuracy of the glottal source spoctiun
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70
approximation, Conscquently, the bandwidths werce not felt to
be as accurate ag the Torment frecguencies, The inaccuracy duc
to the glottel spectrum effect does not nccessalLly invalidate
the use of the bendwidths, but it does mean that their intra-
speaker varlability comeg from two separatc sources, For that
reason and because of tne {irst effect stated above, they were
not tried as speal C'~Cﬂ8V80LL1341n measurcnents, The third
formant peak in both /&/ and /a/ is often indistinct, so only
the first two formant frequenciles were used, The values of

I~ratio for the first tuo formants of /8/ (repeated), /=/,

~and /Ja/ ere given belouw,

UHFL: . 21.1 UHF2: 4%, ke )

(from spectrum pe

(4]

6
AEF1: 15.5 AEF2: 16,6 (analysis-by-sy
0

AR

22.9 Ar2: 19,

In the vowels /8/ and /2/, the F, mee

w

<

i~

(“

=3

@)

)

-
3]

o}
%

=y
oy}

=

the bettcr one, Inspection of the measurement statistics in

Appendix IX shows that the total distributions of the ' mea-

n

surenents are about twice as wide as the Fl measuremnents,

The nigher variability orf F2 can be interprclted as. greater

I

opportunity for varialion among speakers., In the case of the
vouel /a/, the Bi distribution is the wider, but neither I
noxr Db is ag wide as in /3/ and /2/.

1

5.1 Source &>ectzx”ﬂ slone

e

The larynseal excitation exhibite characteristics of in-

dividurl lavynges, as ve have seen in the case of IumﬂwnonLaL




T1
frequency. The structure of the larynx affects not only the
pulse repetlition rate, but also the pulsc shapc, vhich 1s
reflected in the envelope of the larynzeal source spectrun,
Unfortunately, this spectrum ig nbt dircetly accessible to
measurement in the specech signal, since of course iU is mo-
,

dified by the transfer function of the upper vocal tract,

Mirtony (1965), using inverse filterinz, has found signifi-
cant differences among speakers in the high frequency slope
of the source spectrum, The inverse filtering fechnigue is
complex and probably not amenable to automatic processing.
Using & suggestion by Prof, K, Stevens, & measurement
which crudely approximates source spectrum slope from a vowel
speelrun was implemented with moderate success., The higher
formant pecaks Iin a vowel spectfum‘fall off in amplitude, due
to the source gpectrum slope of about -12 to ~18 dB/octave
and to tne increascd damping of the higher formants (and the
+6 dB/octave radiation charecteristic)., Amplitude measure-
ments al a low frequency formant peak and al a high frequency
formant peak would approximste the extent of this drop, if
there were little variation in the sharpness of the peaks, il
formants were not so close as to enhance cach other's ampli-
tudes, and if there were 1little variation in the positions of
the other formants, Variations in the freguency separation
of the peaks could be roughly compensated for by dividing the
amplitude dirference (in dB) by the freguency difference on a

lomarithmic gecele,



(&
These conditions arc proximately satisficd in the vowel
Lo

/. Fj is low, and Bé is generally at least an octave higher,

F., and F4 ave generally scparate, and at least one of them is
>

el

usually visible, That is, if F3 is very wealk, Bh can serve

l"l"

as a neasurenent voint, The actual algorithm for the measure-

ment is the differcnce in amplitudes (in dB) between the

maximum below 550 Hz (i.e, Fl) and the maxinmum avove 2 kilz
(i.e., T, or FM)’ Givided by their freoucnﬂy difference on a
>

logarithmic scale (i.,e., log

[ ]

F3 - log Fl). This algorithm
may not be intuitively pleasing as an approximation to the
phenomenon it purports to measure, bul it has been used with
some success, Xt is just not certain thatl this success is not
partly duec to the combination of other factors which affect it.
This measurement, named UMIA, was implemented for the /u/
sentence 1 (point la in Fig, %), taken at a point one-third of
the weay througnh the first syllable, to simplify the problemnm

of sezmenting the /u/ from the /f/.

; ~

The PF-ratio for this measurement was 36,3, Several al-

=

ternate measurements of this type were also tried, with very

r

1ittle success, One of these was similar to UMLlA, except

2.

that the sccond meesvrement point was the relative minimum be-

o

tween F2 and I Othere omitted the

3(

scuaralion termn,

&L

ivision by the frequency

The gpectrum of the fricative /§/ depends wainly on the



13
anatomlical delails of the region around and forward of<}hc
alveolar rfn;c. Hence messurements on /&/ are not influcnc-
ed by the entire vocal tract, but only by a small portion or
it., It was Tfound that the locations of the high frequency
spectral peaks are not particularly staeble, but that the

shape ol the hlcn frequency region seems Lo be characteristic

L1
ol the spealer,
It is possible to claésify examples of /8/ in terms of
grogs shape, Figure 10 shows examples of /8/ by four spealers
These examples illustrate the four shapes that have been so
defined, They are, {rom the top, single naryow pealk, wide
or double pealt, flat rezion, and very low major peak. (The
esymptoticaily flat low frequency region shovn in the display
is due to the fact that the high frequency skirts of these
filters are coincident, The amplitude of those filtcr-out~
puts is an arti

an indicetion ol eneryy at those points,)

- v

o)

The shape classification algorithm is described by the

folloving ordered set of rulcs,

[
O
8]
]
Py

1. If there is a major peak (i,e., a dip ol at

3 dB on the high side) lower than the 2,55 Iz

-y

L

e

o

o)

I_{
s

v

call it low major peal,

h-

o

¢

2. I the maxinum drop in amplitude above the

-

eat filter output is 6 dB or 1.

[

gs, and
2a, the highest filler outpul cccurs lover
iy, or

>

than 5

act of the rfilter characteristics, rather than’
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5

4

2b, the rmoxinum drop in anplitude from the

highest filler cutput to the 3925 Hz lilter is

(@)

less than or ecual to an,

then call it flat region,

est Cilter output, I the O dB down points are less

k] o

Examine the spectrum on either side ol the high-

than 2 kHz spart, ccll it single narrow pcok, Other-

wise call it widc

This step regulres

internolation between date points, since the spectrum

the highest filter ouiput ig so

'_'J

fall stceply, (1

¢h in freqguency thal there is no upper 64B down

point, cell it gingle narrow oveak, This would be rare
tor /&/.)

This shane claszsification was performed on the example

<

of /%/ in scntence 6 (point 6b in Fig, 5). The /¥/ in shirls

1t

n senivence 1 was not uvsed, since the lip rounding duc to

the coarticulation of /%/ strongly modifies the spectrum so

that thi

92}

set of prototitype ghapes does not hold, HMany of
IS & [x

[

the speeikers had examples of A/ falling in two shape-classes,

and a few had a sgingle examnple falling in a third class,

This measurement is o disgcrete, qualitetive neacurcment,

as onn

PS

cusaed

L

5 by

Texrins

os

cd to the continuous, quantitative wmeasurements dis-

previously, The natural way to charveclterize a spealor

ofF

1

provebility estimates of ecacnh shape-classg, but this is

not directly conpzaitible with guantlitative neazurements in

evaluative rnicasures and clezsilfication procedures,



. h K R - ] - CE. e T
For these purposcs, Uhe numecical velues 1, 2, 3, and 4 wvere

2 - ey Ry oy Tty o e (s R ~ i a7 ) e
co the shape-clasgses nerrow peall, widc

. JORRE TR N -~ U SN R R 2 LI R T P
is probebly not an oplinunm assignment, but on this baglis,
meagurenent S has an F-ratio ol 17.5.

Meagurernontas of aecond and third central momaents of the

n

nign frequency rezgion of /¥/ were also tried, with ver

.

1ittle success, The {ricetive /s/ wuos found to be similer

to /¥/, but with features occurring higher in frequcncy,
nearcy Tthe upper linlit of the spectrum analyzcr, It was not

In voiced stops following an unvoiced segunent, the on-
the release of the stop is not uzed
inction In Inglish, yel it is not uncomaon.
(This ig the "voicebar" cobserved in specirozrams,) The
speaker-spec! hig phenomenon weas pointed out by 11,
ledress (personal commvnicetion)., It was exanincd in the
single cxample of this context in the data, this bond in sen-
tence & (point &c in My, 5). A binary distinciion (pre-
voiced or not) scemed ap
voicing shoved wide Introspesier variations, and it ig dif-
ficult to meesure precisely. A stop was tewiied prevoiced ii
voicing pirccecded the burst by 20 wsec or sove., 1In 1.0 exomplen

o . R oo p cm e oy T e i R S YU O - o
Ivom cachh of the 21 speeliens, O prevoiced more thon holl thoe
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f

Lime, 4 Aid so only occo
the value of 1 Lo prevoiced cxenples end 0 to unvoiced

~

7 . s . - o natyanmond DRI
oncs, an I.ratlio orl 72{-,5 vag ohtainced for mcaguelnent Pniuvy,

.

This necasurcnent is particulerly cppealing beecause iU

concerns o rupld event vhich is not likely to be conscious-

v

1y modified, and it is an event of such specificity that it

.
oy]

probablily Independent of mogt other asurements, It is,

oviecver, dGependent on 300d recording conditions, since low

—

frequency vaclizround holse or poor lovw reduency res

- . oy ey oy e
would nake This meagurenent

.. . - UL
5.7 Duration of "bought"

Az a single example of a necasurencnt of gpecch timing,
ion of bougnty in sentence 5 (points 5d to 5 in

Fig, 5) was investigatled., This meosurecment, lilke the last,

is dependent on Jlearned rather

(‘"
‘3
O
=3
03
S" )
‘J
O
e}
oy
03
Q,
<‘
o
o
\_,J
U:
[ad
A4
O
w

of the spealker, The encrgy function of a word that begins

- O

ment of duration 1s a sinmple
matler, The measurcment BAWT was the number of frames (10
msce intervale) between the half-amplitude noints of the

P

not vhe range for the ged

ot

cnersy funcetion, IL vas Tound

s

of speeliers vas not lerge, so the individual ranges verce not

n rezpeet to it, In addition, the narvovincess of
the ranzes meent thet

te of theoe Loctors, BAUY has some capability Tor

and 11 never dia, Assizn-

the 10 msee quantizetion was too coarse
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speclier separation, since on I-vrotio of 20,7 was oblained,

5,86  Comporison of meosuronents

The meessurenents described above are swmarizced in

Pb neasureacents, wilh high F-retios at the Top of the 1lizt
does not necesgarily mean they should be implencnted [irst
in a spealier recognition gystem, since they are likely to

be heavily dependent,

To give gomc crude ecxamples of the nmeaning of these
F-ratios, i1f 8ll the speeliers had normal distributions wit
equal varliances of 0?, and if hali of them verc centered &
-0 and nald of.them at 4o, the resultinzg F-ratio would be
105 if they fell in four groups, with adjacen
rated by 20, the F-ratio vwould be 50,

An array of the velues of
pairg of thege measurenents is given in Teble 3. As may D

nCCbOQ, the AP valuszs for the Fo measurements are genera

ly much greater than zero, with the notable'exception of

5102 and 5¥03. Most other palrg, such 31701 and PREV, have

T

nuen smeller values, (10o1*o»h" the many nasal measuvements,

it was found that ncagurcments from adjacent channcls were
highly depcendent, but the dependence decreased a2z the con-

4

parison progressed to more distont channels, Compare 3M1

v - e . Pe— - Y .
vs, 3MG and 311 wvs, 3WL7.) Therce iz prescently no statisti

al bazis lfor getting 2nold value on AP, but Tor

¢
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TABL 2, ACQUSTIC s ASURZIEINS RAMESD BY -RATTO

18,
19.

5102
5101
JARGY;
3F02
5101
3101
5503
305
3104
DY O
UHT?2
341
3N
UMl A
103
152
3N
3503
3156
SrY
3N23
AT
3123
UHHL
BALT
LEF2

SH

ao

F-ratio

6.9
61.0
722
71.2
69.5
6L,
5L,
52.6

c2

w
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4

illustrative purpotes, all values greater than or cquel to
0.2% hove been cireled, On thetl basis, the only nceasurement
s nlieh arce somawhét cependent arc thé Bb measvrenents,
A2 and Lvwo oi the Bb mecsurenents, and 311 and 31450, Pa iy

e independence (in the locse senze vie have beeh using the

-
=
-_-
o

terin) docs not guarantcee tot mutual indepcndcence, but again,

it vwill probebly suifice Tor the purpose oif avolding neavily

redundent necasurenenits,

sistent vaoy that would render tThem easy To idenvifly, the
spealker sct wtag divided into o groves, One zroup, of 10
menbers, were thosce who viere substantially concerned ik
speccn research; the other group of 11 were not, For euch
of the 20 measurcments listed in Table 4, the relative vari-
ance (i.e, individval vari cotal variance)
; .

for each spealker was tebulated and averaged for thaet spealer,

2 3

Uhen the averages of ecach group were computaed and compared,

dentifiability

-

Taere wes no significent dilfTercence in the

he two groups as given by the relative variance,

5.9 Iddentification resulis

Althoush thie actual construction ol o spesler recosni-

oA

tion systenm wes not a prinory alim of this study, the templa-

Tion of Tinding oul whetlher these meosurvencnts actunlily "worl”




B\

(.

&2

&

vas Ltoo great lo regict., Accordingly an elemenvary gpealer

identificotion elzorithn was prograaned in FORTRAN IV on the

(&

J

PDP-9, Tuenty measurencntce vere selected from Teble 2,
choosging those with the highest P-ratio, but rejecting those
with signilicant dependence (arbitrarily, AP > 0.25) on the

easurenents already selccled, This set of measurcements is

%
(o))
e

listed in Table 4,

1

The data, which consl

o

sted of lten repetitions by each

speaker, wes partitlionzd into design and test sels, The

&

<.

[@))

degign sel was use

[on

co Torn refervences Tor each gpeaker, by

~calculating the mean and variance for each neasurement for

P

eacn uaoaucr the test data wog used Lo test the effect-

these references in charecterizing the individual

1o
=N

venes

2

O

speakers, This testing was done wit

N

n data thet had no role
in the determination of the references, In orvder to make
full vsce of the aveileble data, each of the ten repetitions
in turn as the tecgt get, while The remaining nine
were uscd to form the references,

The clagsification algorithn was a minimum distance pro-

cedure using a velghted Duclidesn dista similar to

oy
*)
@]
0
(o)
c
(@]

that uvsed by Pruzonsiy and Mitnews'(lQGﬂ). 1f v measurements
nt in an r-dinen-
gional space, The average of the nine repetiltions For ecach
gspechor in the desizn set ig the centrold of thoze nine points,
Trhe sguore ol the dislance between a datun T =

(_r] JJV)J LU ;:*-.ﬁ_)

oy ) el i 4 10 ' "'“'1 O "._."'7" £y 1/ == /
and the cenuvrold ol tho J-th Clu%@ z »-(;61;,A32,...,Ay,f)

—————
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is given by

2 . , . n - .
meye <0JK>J is the average specaker verience for the k-th

neogsvrenent of the reference dala, Dividing the squarcd ails-
tence in eacn dinension by the average spealler variance veights
it accordinz to the average narrovness of the individual
spealter distribulions, The distance to the centroid of each
spealier is computed, =nd the test datum is associated with

the swealer vhose centroid is closes?t, Although-this algo-

5 non-provabi: ﬁhilﬂp'Wy motiveted, 1t is in fzct the

that arce a

o
-
@
(6]
=
4
=
(@)
o
-
C
o
)
=
O
[}
o
Qs
o
i
(6]
[
C
L
o
=
[0
Ja5)
K2y
)
=
165]

Gauscien randon variables vwith equal varlances For cach speai-

va . I ~e o . — e - - . ] . -
Vihen Tthe Tirvel 17 measurements in Teble 4 viere used, no

identification errors were made in the classificalion of 10
repetitions by each of 21 sgpeckers, I The neasurcnents are
gelected by twial and crror rather than systenatically by a

perfect rececognition can

AN 2 LR K S an Yy e A e E 8 - E
be achleved with fever necasurcnents, since the I-ratio is

O K SRR ] o ey RIS . NP B ‘ Sy ~ ~ .
not an optiaizing statistic, However, its usafvlness, alons
Vil JL;h thq O -1 ER I TR N S RO S S @ Yo ' R =] A ey
U e Oh Lne I SRR VIR L'J.C, 3.8 ALl u}u L,T Il b(.,’( O.'/ Lile I)L'.Cb()n?i)
acnicved heve with a connutationnlly i

i classificr and o

syall nupber of celffeclive neesuraaehts,
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CHADPTER &

COLICLUSION

This study has been diveceted tovard the inprovenent of
spealier recopnition technigues by mezns of improving the

B2

characterlizing ncacurcnents mode on the voice signal, The
approach adopted here malkes specilic measurciients on apecch

events vihidch have been segmented and located

The choicey ol the phonetic segments and Tthe neasuvrenents made
on them are guided by considerations of vocal Tract slructure
and the ways in vhich the various speech sounds arve produced,

lon of meesurcments is aided by techniques
the spealker scperating ebilily and the inter-

) ey oy
CNS Gcasureaiernvs,

,'3

For tThe conditliong of this experiment, meagurencnte of

Tundamental frequency proved to be the most veeful single
measurenchts investigeted, They were generelly interdepend-
ent, so other, independent neasurements were usuvally proefer-

ments vere no
characterized by certeain indivi
Leaosuren of the vowels !

- 2o 3 - o . P P - S,
vere spoctrunm shape paramnclers in casces yvhere Tormont loca-

tions verc difficult to measure, The wider interspezler

variatlon of the seccond Foruont nade that one genherally bLetb-
2

P SR S T, 2.8 [ S [P SR . '
ver tnan tne Clirat formaant, A vough cslimation of the =lotiznl

source cpectrum slope wan aloo effective, The information



W

convered by the meagurenents
“ v, - -
shepe o /%/ spectrun, and p

coaracnezs of guantixzation,

3

ray
i

measurenents or

SUCCe3s

ficetion procedure, A direc

Terent

of" conatreints

the result achieved

reports in

e set of meagurenents

neasurenents vere Invesgtigete

bahly produce more independe

eguivalent I-ra at leazt

several speciiic areasz that
such extengions:

. . A P .
JNC gpectra ol vou

The improvenent

ynthesis

for providing fant, rel

ihe recently introduced

z

rithm (Rabiner, ct al.,

1 . -
DLt

of this secl

achieved ii

vorkers is usually hot

CoO:

els should yield nore

8

of duration oi the vord

P

revoicing was limited by

they also proved Lo be

active end ellicient

speaker rec

ct COJDEI _son of

duc to different s

pares very favorebly with the

4

dgeveloped here cannot be

gmall of pogszible

AN

2d, Extended resgearcn will

nt acoustic measurenen

in the L0's and 50's, There

should be good candidates for

o m-. Ul

g

and asutomation of the ana-

dragy oy 4 Rete
greal aid

iable

foraant measurcements .

2.

cnlirp Z-trans

1969)

Lo &350~

uld also be useflul,

Ve

U

results by Gifl

SubJectively, hovev

chelir

Kl -
uzeliu

{)(3 L“‘ 5} b 2

(@)
—t
o
a3}
[
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1

cellead

aie



(; 2. 'he nosal consonants should bear a closer
anclysis so that a more satisfactory mesns of
charsclerizing them can be devised, As indicated

> pole ané zero locallions are

I=te
—
(-
@
~
_-
p—«
[
o
@
B
U1
s
C
I~
-
(@)

the signilicent factors, Analysig-by-
imura (1962), i amen-
able to auvtonation in 8 more complex case, may

prove uvzelul in this respect,

3. Further investigetion of the laryngeal excita-

P i

tion characlterigtice ghould be done, Acceptable

r,.

automatic inverse I'iltering might be accomplished
by means of paranctoers derived by automated ana-

lysis-by-synthesis, Perturbations in pitcn period

patterns in the specch 'signal, This area includes
effects sucn ag rate and extent of formant transit-
“erent articulators,

and duratlions of certlain segments An interesting

problen is that of normelizing tewporal palterns

for the rate of speech, Temporal patlerns arc ad-

mittedly mowrc :vize Than sone

spcecelral patternz, butl {they must contaln nwuch

inforaation about learned chavectevistics

Both pi

f)
[9)]
@

cent and future measurencnts must be subjected

)

(;, to cloge serutiny in tewms of thelr stablility with rospect
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2

to time and the state of hcaltith orf er,  The influence

v

nealer and the cf

Fy

of the emotional state oi a

021
-

son's learned characieristics of moving to a reslon uvhere a
different dizlecet is spoken arce not known, The subceutlo 1i-
ty of spesler recoznition measurcacnts Lo volce mimlery end
disguise shoul@ 21s0 be investi 3abcd._ There 1s also a neced
Tor siwvltancous investizalion of vocal tract anatomy and
acoustic characteristics of differcnt spcakers

Another spesler recognition paradigmn whilch has already

P

arisen in law enforccmnent situations nay be called unconlrol-

led speaker verification, The only acountic cvidence avail-

P

&ble is two gpeech samples, and the only question is whether
they werce ultercd by the samo-spvwher " In this cage, it ney
not be poszsible to fors a set of refcrence patiterns rfrom
many repetitions of uvtterences, Different techniques may be
reqguired,

The measurecments described here iviere done on phones in
single, Iixed contexts, This method can be eventually ge-

neralized to any context, or al least to a s=subsct of con-

texts, Then it is conceivable thal future ecutomstic spealer
recognizers with advanced speech recogniltion capability will

be able lo extract the necessary measuvrements from arbitrarvy

context,
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APPENDIY T
EQUIVALENCE CF AVERAGE RELATIVE VARTANCE AND I-RALTO
. L 2]

et ij denote tne necasurement detun of the i-th repetition

j-th spealker, 1=1,2,...,n, j=1l,2,...,m. Let < >k

lon
i
<
[
o
—
¥
[}

denote the averasge over the subscript k., Let a4, and ¢

4

denote the mean and variance of the deta of the j-th speaker,

-_ 2 ) 1 A . 1 ’ " 2
Let w and Oiot denote the mean and variance of the data pooled

she speakers,

—
el
-

over a
te the average relative varliance, and let F

~denote the FP-yvatio,

Var )
1(46)

il
VAN
X

L N
\4
[

!

X

i1
VAN
VAN
>
\Y4

1
Q
A4

!
IS

== O

Hence

}P = e —LOK/ Ufj _(>'J_1 = 11(

- 1)

2k
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Since the I-ratio is & monoltonic function of the average

e

I~

12

F

relative verlance, rankiing recsurencnts in decreasing orde

N
5

G HEN

of I-ravlios is couivalent to ranizing them in increasing

rder

C

-

o' averase relative variances,
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APPINDLL X

QR (N THOTITIRA TIOITL AT
SUMARTES O MUEABZUREMDNYS

Thisg appendix contains sunanries of the individual

measurescents described in Chapler 5, Iach summary reproe-

sentes 10 repetitions of thne uilerance by eacn of 21 speak-
H . t v e " - - . -
ers., "Total sigma' is the estimeted standard deviation of

. - . [T . .
the datla pooled over all sycakers., 'Rsigwa' is the ratio

the individual estimated gtandard deviation to the pooled
1, 01+ the gsguaere rootl of the relative
varliance

For the purposes of formatl or representation as inltezer

variables, cortaln mecasurcuments vere sublected to tranulat-
ion or scale change, The following mescsuvrcuchits had 1000 Hz

¢]

ubtracted from them: UHF2, AEF2, and Al

neasuremncnts vere multiplied by 10

=
(93]
no
“
-1
<
(S
.
>
2
i
-
o1
(=)
e
("
28]
3
3,



MEASURENENT 3FaL

TOTAL PANGE:z €5
TOTAL SIGYa= 13,43
AVG, SIGMa: 2,83

4
AVG. RSIGMA=zZ.367
F-RATIO:= 61.8

SPER RANGE nERN
| 12 123,6
2 7 112,32
3 13 121.2
4 14 119,28
5 33 Q14,0
6 11 9l,6
1 17 129,1
8 13 1re.s
9 lg  1328.2

13 15 185.%
1" 15 112,1
12 21 137.4
13 14 113,92
14 13 115,5
15 21 14l,.9
16 13 143,54
17 11 94,7
18 13 117.4
15 26 112,17
20 17 102,
21 19 122,4

MEASUREMENT 3F23

TOTAL RANGE:z 99
TOTAL SIGMA: 17,33
AVG, SIGMA: B,17
AVG. RSIGMA-2,47]
F-RATIO= 32,9

SPKR RANGT MEAYN
1 21 135.7
2 1S 143,72
3 19 154,3
4 29 129,.2
5 €l 152,.%
'3 24 123.3
7 14 132,24
8 32 133,5
9 28 155.2

10 I8 145,23
11 21 131.6
12 53 179,83
13 36 122.2
14 22 135.6
15 25 134.2
14 17 169.8
17 24 130,14
18 23 133.9
19 16 141.3
2e 1o 112.8
21 22 143.2

S1GMa
2,95
2.96
3,94
5,47

11,24

3.57.

5.22
3.77
3.22
5.34
4,61
5.55
4,37
4,43
5.9%9
4.22
3,55
4,26
7.21
5.16
5.82

SI1GM3
5.77
€.2]
1,47
L,

12.24
T.12
3.72
Se77
.12
§.31
7.29

15.25

12.73
§.31
B.12
5.73
T.585
&.32
4,67
5.09
7.79

RSIGMa

PSIGMa
2.3%¢
8,372
A.231
A.485
1.253
2,412
2.215
2.528
0.525
C.364
2.421
©.863
2.735
2.364
7.4693
£.331
C.44)
@.573
2.269
2.292
A.449

MEASURENENT 3Fv2

TOTAL RANGE:
TOTAL SIGMA=

16
13.8%

AVG, SIGMA= 4,72

AVG. RSIGHA:=Z
71.2

F-RATIO:
SPKR RANGE
| g
2 g
3 19
4 15
5 25
6 17
7 S
3 8
9 11
1e 7
11 17
12 18
13 19
14 15
15 24
16 12
17 15
18 17
19 S
23 1¢
21 2e
MEASUREMENT

TOTAL RANGE:
TOTAL SIGMA:

333

MFEAN

-—— .

N HR UV NN DNV N0 @
® o & 8 0 o o & ¢ o o * o » s o 4, o 4
NOTRW MO D WA NN N N 0 D

N = QB W 5o =) DO m e (O o e

—— e = e g e g = = e

3F24

74

15.21

AVG, SIGMA:= 5.74
AVG, RSIGMA 2,363

F-RATIO= 51.8

SPKR

SOV SNV DN —

—— e
LR SAND N —

N
N

21

RaANGF
14
4
25
12
14
8
32
7
39
1€
15
I8
24
[
32
22
16
12
22
13
12

MEAN
117.3
137.%8
134,4
124,6
131.2
122,2
123.5
19,3
153,5
129.1
113,7
1%52.2
127.5
115,68
116,4
1498
182,.3
126,2
129.9
103.9
127.6

SIGra
2.7
2,92
5.89
4,29
7,9€
5.71
3,55
2,71
3.63
2.20
4,62
6.55
5.42
5.19%
8.73
3.58
5.81
5.723
3.71
3.14
5.62

S1G%A
4,60
2,48
8.41
4,01
5.67
2,62
12.56
2,33
13.33
4,22
4,35
6.22
7.28
2,21
12.12
6.23
4,64
3.79
6.69
3.63
4,45

92

RSIGNMA
2.195
a.2¢2
2,424
7,329
2.57%
2.351
2.256
A.195
2,265
24159
2,333
2.521
e.35¢
2.374
g.627
2.265
2.419
2.362
¢.267
9,226
e.425

RS1GHA
€.291
2,157
2,532
2.253
2.35%
24155
2.R74
B.173
2.375
%A
€.275
A.379
2,462
2.127
2.767
2.334
2.294
2.24¢
2.423
2.230
2,242



@

MEASUREMENT 3F25

TOTAL RANGE
ToTAL SIGMa
AVG. SIGM*

AVG. RSIGNA
F-RATIO= 52
SPKR RANGE
t 17

2 8

3 18

4 6

5 25

6 17

7 11

-] 13

S 335

18 15
11 12
12 21
13 21
14 19
15 32
1§ 8
17 13
19 16
19 17
22 8
21 13

MraN
124,1
132.¢
131.9
113.3
135.1
|
117.1
112.0
152.7
132,45
122,90
158.2
128,95
128.2
122.1
141.8
126.9
121.6
138.2
104,24
132.6

MEASUSXENENT SFr2

TOTAL

RANGE:=

126

TOTAL SIGMA= 24,26
AVG, SIGMA -

AVG,

SPKR

VYW gA LD NN -

—— e e - -
LCRSAND NN

NN
-

RANGE
17
18
45
16
37
23
14
21
23
26
13
37
1S
18
27
29
21
4¢
15
g
13

T.44
RSIGMA 3,309
F-RATIO: 84,9

MEAN
144,7
152.5
170.7
133.%
1o, 2
134,1
137.7
142,90
177.1
165.3
143.2
217.3
144,90
152.9
142.5
187.6
128.9
123,90
160,
120,02
154,5

SIGYs
4,73
3.87

12.37
5.7¢

12.23
S5.72
4.76
€454
S.52
7.%9¢2
7.25

12,88
6.33

.22
R.77
3.53%
T7.77

13.83
5.33
2.45
4.79

RSIGHA
3.341
2,189
2.375
fo123
2.552
2.397
2.239
2,274
2.853
f.320
2.2%1
2.544
D.4K4
2.248
2.78¢
€.233
2.273
2,353
2.412
2,163
£.288

RSIGMA
3.197
2,181
g.514
T.237
D427
?.2R2
2,153
2.272
2.395
2,332
3,324
¢.535
7.263
3.217
2.365
e.372
2.323
2.975
2.224
3.102
@,199

MEASUSENENT S5F21
TOTAL RANGE:= 125
TOTAL SIGMA=- 23,74
AVG. SIGHMA=: 7,41
AVG. RSIGMA:-2.312
F-RaT10=- 81,0
SPKER RANGE MFAN
3 19 137.2
2 12 149,.9
3 45 167.5
4 15 137,2
5 29 192,9
3 23 131.8
7 15 134,2
8 1] 1a1.2
9 27 174.5
18 2R 162,7
11 18 137,8
12 36 214,¢
13 17 144,27
14 9 145,9
15 33 135.3
16 34 182,4
17 28 28,1
18 43 142,.5
19 17 156,9
22 7 127.5
21 15 150.9

MEASUREMENT 5F23

TOTAL
TO0TAL

RANGE=
SIGMA =

(34

12,67

AVG, SIGMA= 4,68
AVG. RSIGrMA=2,367
F-RATIO= 52,3

SPKR

NANDLE GV e VWL NV N

S\ PR
—_DOoN

RANGE
19
13
12

MEAN
1e9.1
121,90
11e.3
eR.K
133.2
R3.2
184.6
94,6
118.3
R, 2
127.4
12a.5
1te.5
12,4
1#2.8
134,45
S2.4
185.9
197.8
91.6
118.4

SIGYa
5.72
3.51
13.49
5.92
3.35
7.27
5.33
5473
S.22
Re35
5,97
12.28
5.81
de46
1o.11
13.53
7.95
14,34
5.63

2.12
5.25

SIcMA
3.21
3.08
4,22
t.e2
4,99
1.42
3.52
6,05
5.86
3,74
4,.K5
9,97
6,36
2,91
3.25
4,72
3.72
2.69
3.23
3.20
4,40

q3

RSIGMa
2.24}
2.148
2568
£2.232
2351
3.7299
2,225
2.24]
2.33%
2.352
2.254
3.508
3.245
2,146
¢.A426
2.444
3.337
2.Kh24
2.237

3.089
2.221

ASIGYA
0,253
20312
”.333
f.15¢2
2.394
2ol1a
2.276
?.473
2,473
0.295
2387
2,727
2.522
£.232
f.635
2,373
2.638
2.212
2.243
Ae253
f.347




MEASUREMENT 5Fiq

TOTAL RANGE:- 72
TOTAL SIGMA= 14,84
AVG, SIGMA= 4,93
AVG, RSIGNG:;.352

F-RATIO:= <9

SPKR  RANGE MEAYN
1 8 116,
2 8 131.3
3 13 123,2
4 R . 112,.9
5 34 146.4
6 19 195.¢
7 1a  189,4
8 o 1468,9
S 15 133,28
13 27 124.¢
1 16 111.0
12 27 154,5
13 12 122.8
14 11 115,3
15 23 111.2
16 22 136,7
17 - 15 1062.1
18 23 124.7
19 9 119.7
29 9 121.5
21 12 126,59

MEASUREMNENT 3M]

TOTAL RANGE: 18
TOTAL SIGMA: 3,64
AVG, SIGMA=z 1,54
AV3, RSIGMA=2,424
F-RATIO= 43,4

SPKR RANGE MEAN
1 3 15,5
2 6 21.2
3 3 22,4
4 3 22,8
5 2 16.8
6 8 19,4
7 4 21.1
8 4 21.2
9 3 13.4

19 6 18.7
11 S 18.1
12 9 14.3
13 ) 15.1
14 s 12,2
15 3 13,1
1€ 6 19.3
17 4 13.1
18 3 14,3
19 3 20.8
22 7 21.7
2) 6 19,7

()

—_ 13

M A DH Wy N DN [Y —
~NAV 8D g0
~N{DOWVMIVW Ny D

AN D

e & ¢ o o
DRV D= B ) g

VWAL DE A

5.47

S1GMA
2.97
1.94
le1?
.23
£.63
2.46
1.29
1.55
1.27
1.89
1.63
2.45
1.85
.42
1.66
l.89
.12
1.34
l.14
2.31
1.64

RSIGMA
2.201
2,152
2.322
.19
B.897
7.376
f.312
2.186
2.232
2.565%
2,234
3.582
2.253
2.247
2,434
#.384
2.368
2.505
2.135
A.156
B.283

RS1GMA
2,257
2,532
2.323
2.224
2,174
.576
2.354
2,426
£.295
2.519
2.432
P.674
2.529
7,334
£.457
2.519
3.322
2.368
e.312
2.635
2.450

MEASURENENT AEFOD

TOTAL RANGE: g2
T0TAL SIGMA: 18,12
AVG. SIGMNA: 6,20
AVG, RSIGMA:=2,342
F-RATIO= 72,2

SPKR RANGE MEAN

1 17 121.5
2 19 32,2
3 12 147,%
4 11 125.7
5 23 166.1
6 18 11a,¢
7 16 122, 1
8 27 124,1
9 39 159,4
13 25 135,2
11 13 124,83
12 27 158.6
13 19 127,9
14 26 122,7
15 27 127.5
16 16 167,82
17 12 te.7
18 12 121.2
19 17 132,7
2e 21 11a.2
21 16 133,9

MEASURENMENT 3M6

TOTAL RANGE= 22
TOTAL SIGMA:= 3,93
AVG. SIGMA:= |.96
AVG, RSIGMA=C,493
F-RATIO:= 28,4

SPKR  RANGE MEAN
1 7 3.1
2 3 6.1
3 5 2.8
4 3 7.3,
5 3 9.7
[ 7 4.5
7 9 4.7
8 7 7.6
S 7 1.7

10 6 -2.7
11 6 3.2
12 11 “2.5
13 S 1.0
14 3 2.7
15 9 -l.2
16 7 3.3
17 3 ~4.,6
18 5 -l.4
19 4 5.0
20 8 4.1
21 7 2.9

S1GMA
5.95
5.37
4,13
4,2
€.17
[P
4,95
7.92

11.15
6,59
3.91
9.17
6§.37
T7.29
.48
5.64
3.33
3.85
6,86
6.49
6.08

S1GMA
1.85
2.99
1.827
2.%2
lel5
2,42
2.71
2,27
2,02
2.36
2.15
3.17
2,71
l.16
2.97
1.95
1.87
1.58
l.al
2.58
2.13

RSIGMA
2.323
2,237
2e22%9
?.233
2.341
P.333
24273
?.a37
2.615
2,336
2.216
2.5C6
2.351
2,422
2.468
2.311
2,184
N213
2.379
2.358
2,336

RS1GMa
2.471
2,253
2,476
7,200
2.294
D614
2,629
2.525
2.529
23.602
2,547
2.8026
2.628
2,255
.756
2.495
$.273
0.401
2.359
0,650
2.542

0
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MEASURENMENT 3M17

TOTAL RANGE: 3@
TOTAL SIGYA:- 5.52
AVG, SIGMA: 2,74
AVG, RSIGMA:-Z.515
F-RATIO:- 24,8

SPKR RANGE MEAN S1GMA
1 5 -2.6 2,27
2 § 1.2 2.27
3 3 g1 lo12
4 7 13.5 2.217
5 8 18,7 2.71
6 8 4,5 2.72
7 S 1.9 2.85
g 6 9.7 2.54
S 6 9.9 Ze13

18 10 6.7 3,2¢
11 12 11.5 3.62
12 17 7.1 4.82
13 7 9,2 2.62
14 5 6.4 1.58
15 20 8.2 6.27
16 1 4.6 3.22
17 6 6.2 2,25
13 8 S.l 2456
19 11 5.4 3.78
22 19 9.6 3.41
21 6 4.2 2.12

MEASUREMENT 3N3

TOTAL RANGE:= 22
TOTAL SIGMA= 4,56
AVG, SIGMA= 2,15
AVG. RSIGMA=@,a71
F-RAT10:= 32,5

SPKR  RAMNGE MEAN SIGMA

1 5 ~4,3 1.42
2 3 -1.7 1.72
3 4 -3.1 1.22
4 12 1.3 2.71
5 4 6.9 1.52
6 12 3.5 3.57
7 6 -4,1 1.57
8 7 4,2 2,517
] 5 4,7 1.43
10 7 -4,6 2.97
11 8 3.0 2,42
12 4 =5.3 1.34
13 7 -3.9 2.13
14 3 1.1 1.12
15 16 -2,4 4,09
15 5 ~6,2 1.55
17 8 -8.2 2.74
18 7 3.8 2.44
19 9 -2.9 2.96
20 7 1.5 2.217
21 5 -5.9 1.85

RSIGMA
2.412
?.363
2,199
2,412
2,491
2.493
0.516
e
2.386
7.554
2.652
A.873
2.476
2.236
1.136
2.581
2.372
2,464
0.685
e.617
2.382

RSIGMa
2.311
2,373
7262
2,594
1.334
2.782
2,432
2.564
2.323
£.453
2.527
2.2%3
e.467
P.241
2.896
f.34rp
2.601
R.535
2.649
£.458
7,406

MEASURENENT 3M23

TOTAL RANGE: 32
TOTAL SIGMA= 5,87
AVG, SIGHMAZz 3,11

AVG. RSIGMA=2,53P
F-RATIO:z 21,7

SPKR RANGE MFAN
1 5 -6,9
2 12 2,7
3 4 11.7
4 g 9.9
5 5 4,1
6 19 1.3
7 11 3.0
g 12 .2
S 11 -72.4

12 1t 3.6
11 14 2.4
12 16 -4,7
13 -1 -2.2
14 S “1.2
15 26 1.3
16 S 2.9
17 5 -3.2
18 9 -4.6
19 8 8.8
290 9 8.5
21 [3 -2.7

MEASUREMENT 3N15

TOTAL RANGE: 28
TOTAL SIGMAa:z 5.50
AVG, SIGMA=: 2,45
AVG, RSIGMA=-2,2432
F-RATIO:z 41,

SPXR

o)
b=
=z
(2]

-

MTAN
-q,0

4,1

——
QSNQU[QA‘OQ&NWW&OAQ-—U‘O\U’(

—— et S o > gt - pn e
w X NAVD NN DOVRAANDE (0N

29

N

SI6MA
1.52
3,59
1.3
2,64
1.97
3.6
3.74
3.52
3.6%
3.97
4,35
4.52
2.74
2.67
7.33
311
1.75
2,44
2.62
2.92
1.77

SI1GMa
1.75
1.85
1,71
3,26
2,06
.26
3.13
2.45
2.33
3.37
2,487
2,79
2,42
1.35
3.57
1.62
2,30
3,52
3.24
2.37

2,66

95

RSIGMA
2.259
2.611
2,228
P.as¢
2.335
2.522
Fe837
2.539
T.528
C.607
N.741
2,786
C.487
2.4852
1.333
C.523
2.29%
f.219
A.445
B.a76
8.3¢1

RSIGMA
2.315
f.331
B.306
2.547
7.368
3,226
2.5A/7
2,442
2.418
2623
2,477
R.499
2.433
g.241
D.638
8.229
2.411
8.629
B.579
2,423
2,475




MEASURENENT 3N23

TOTAL RANGE:z 28
TOTAL SIGMA:= 6,14
LVG, SIGHA= 3.19%
AVG, RSIGHA=2,519
F-RATIC: 24,4

SPKR RANGE Mran
1 8 -8.4
4 3 -7.2
3 11 2.9
4 12 ~2.1
5 S -2.2
6 7 2.e
7 14 4.4
8 13 -f.6
S 12 -5.9

19 12 ~8.2
1! 4 -7l
12 12 = 7.3
13 g -5.6
14 4 -2.9
15 15 -1.0
16 4 “6.2
17 6 -9.2
18 12 9.8
19 19 3.5
22 9 2.1
21 13 ~5.5

MEASUREMENT 103

TOTAL RANGE= 35¢
TOTAL SIGMAz 77.96
AVG, SIGMA=35,6%
AVG, RSIGMA=72,453
F-RATIC:= 34.4

SPKR RANGE MEAN
] 93 -65.7
2 138 -223.3
3 162 -1s6.1
4 e 13.2
b) 93 -75.3
6 122 -243.5
7 116 =-239.3
8 215 -72,.,4
S 45 -62.8

12 145 -123.3
11 218 -125,3
12 88 ~1%e.3
13 122 -218.3
14 57 -205.3
15 124 -227,3
16 I B
17 43 - 148.9
18 126 82,6
19 133 -133.1
2e 132 -87.3
21 125 -173.5

)

<

PO N e O WA ) S [ e
SO AR - NV AN — Wy L
DOV RUNYD =~ AXAD WD

a4 % 2 a s ® o s % & & v .

— A
« = @
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8o

2.26
4,42
.23
2,77
2,64

t
.
L

SI1GMa
29.12
42,94
45,92
22.22
35.17
33.24
36.47
§2.62
14,21
41.87
67.51
35,42
36.25
14,87
33.73%
27.28
15.53
39.96
49,62
35.43
35453

RSIGNA
0.492

RSIGMA
2.374
2,551
2,542
2.235
2.45%
2,027
q,463
2.293
2.1890
2.527
2.366
2.454
P, 483
P19l
0.433
2.352
4,198
2.513
2,521
2.454
D456

MEASURENENT 152

TOTAL RANGE: 92
TOTAL SICGHA= 14,27
AVG, SICMA= 6,51
AVG, RSIGHA=2,456
F-RATIC:- 32,7
SPKR RANGE  NEAN
1 13 134.2
2 36 13%,6
3 24 166,
2 27 1£4.2
5 11 133.3
6 18 133,5
7 22 134.2
8 22 133,
9 15 123,7
10 24 136.1
b1 32 146.9
12 42 143.8
13 23 148.8
1A 13 133,1
15 22 159.9
16 19 137.6
17 18 134.5
18 35 132.5
19 11 113.8
20 7 138.9
21 12 142.2

MEASURENMEINT AS2

TOTAL RANGE= 124
TOTAL SIGMA=z 15,43
AVG, SIGMA=:- 8,79
AVG. RSIGMAZ-Z,57Q
F-RATIO= 11.8

SPKR  RANGE MEAN

| 23 84,2
2 4n 73,7
3 23 88,9
4 19 91,6
5 26 BA.7
[ 41 R4,9
7 16 84,3
8 26 tel.e
9 15 83 .A
12 28 76.3
11 13 89.5
12 36 84,9
13 17 85.1
14 7 9!.2
15 25 94,1
16 3¢ $6.5
17 14 84,7
18 21 18.6
19 22 83,7
22 94 13e.2
21 34 86.7

S1 GHia
4,83
11.23
7.43
7.69
3.33
5.89
6,58
7.93
5,46
S.62
11.03
12.26
§.58
4,61
6,59
5.13
3,44
.12
3.29
2,64
2.90

S1GMA
6.96
11.74
7,49
§.36
°,28
11.81
5,26
7.82
4,78
9.17
4,33
9.93
5.99%
2.31
6,94
11.49
&,33
8,17
€.52
34,41
19,49

96

RS1GMA
£.338
e.757
2.521
3,539
2,233
2.413
2,441
29550
3.383
2.464
2,777
0.862
2,451
2.323%
2,462
2,358
2.241
8,778
2.231
2,185
2.203

RSIGMA
2.445
2.761
2,436
2.412
2.589
D.765
2.323
2,527
2.3e7
£.594
2.279
2.647
2.362
2.152
2.452
2.745
7.278
0.529
0,422
2.23¢
?.6%0




MEASUREMENT ALl3

TOTal RANGE:= 138
TOTAL SIGHA=z 26,4K
AVG, SIGMAZ12,.35
AVG, RSIGMA:=7,693
F-RATIO= 10,2

SPER  RANGE MEAN

I 31 -33.2
2 89 -47.7
3 2 5.3
4 67 -35.2
5 BS © -13.6
6 83 =64.1
7 73 -53.5
8 74 - -17,7
9 AB -49.5
1e 54 =35.9
11 52 =59,7
12 79 -35.5
13 43 =27.5
14 22 -45.9
15 52 -39.2
16 121 -47,1
17 34 -57.8
18 43 -la,4
19 56 -%59%.1
29 44 -76.17
21 58 -37.7

MEASUFENMINT UMF2

TOTAL RANGE:= 592
TOTAL SIGMa=117,62
AVG, SIG&7MA:45,24
AVG, RSIGMA=72,419
F-RATIO:- 44,6

SPKR  PRANGE MEAN
1 152 542,72
2 165 673.5
3 122 a%6,?
4 22 a33.e
5 124 €e2,2
€ 122 65%.9
7 285 635,
8 183  49%,.2
9 265  614.5

18 122 512,.¢
11 82 336,
12 22n 5712.2
13 122 431 .0
14 142 3al,.2
15 220 553,82
16 165 735.2
17 232 4ANS.®
18 82  615.¢
19 218 712.5
20 142 539,92
21 212 626.0

S1GMa
S.43
23,02
12,74
18.72
24.3%
29.79
22,19
26,924
12.36
18,57

17.07

19.55
15,33
6.35
17.94
29.959
t1.85
15.23
17.99
15.51
15.82

SIGMA
25,66
52,97
37,77
31,92
32,93
34,25
50477
59.14
§9,94
33,67
25,91
11,52
15,42
424,58
53.51
59.35
74,92
23.69

69.¢5
49.99
66,72

RS1GYa
2.356
2.%7¢
2.431
p, 728
¢.947
1.126
2.834
e.934
2.467
2,722
£.645
0.739
2,617
2.240
2.678
1.133
8.443
2.575
0.680
2.586
2.74%

RS1GMa
2.33%
R2.452
e.321
2.272
P.282
2,201
2.517
?,4KR9
8.595
%.238
2.222
2.612
2,301
2,379
N.497
2.525
A3.637
2.221
2.557
2.417
0.567

MEASUREMENT UHFI

TOTAL KANGE: 258
TOTAL SI1GHMA:- 50,19
AVG. SIGMA=25,50
AVG, RSIGHAZ=D,.528
F-RATIO= 21.1

SPKR  RANGE MEAN
! 3e 527.¢
2 22 432.0
3 o2 451.9
4 52 Iri.0
5 ae 465,92
€ 8n 471.08
* LYS 496.¢
g . 40 - 485,02
9 86 433.¢

10 lag 459,.0
11 123 442,10
12 122 522.8
13 60 421.2
14 (34 585.e
15 122 442,80
16 g0 4s4.0
17 22 482,90
18 80 412,20
19 52 567.¢
20 1e 444,2
21 142 452,80

NEASURENENT ATFI

TOTAL RANGE:= 267
ToTal SIGMA= 52,75
AVG, SIGMA=-32,27
AVG, RSIGMA=2,612
F-RATIO:= 15,5

SPKR RALGE MEAN
1 84 692,8
2 38 584,8
3 122 626.6
4 e 658,¢
5 126 652.3
€ 132 . 656,9
7 86 692,98
g 64 639.5
S 126 781.7

10 112 105, 4
11 1s 611.5
12 13¢ 735.6
13 129 675.1
14 59 647,1
15 133 612.1
16 56 €622.,5
17 91 673.6
18 72 624.,9
19 165 682,33
20 81 585.1
21 224 641, 1

SIGHMA
9,49
6,32

32.13

15.24

24,61

27,67

12,65

14,34

36.57

508,43

42,64

43,4

26.21

15.81
35.53
32,39
12,33
28.93
17,67

35,73

46,K2

S1GHMA
27,41
12,97
29,77
26,83
39,42
43,75
33,75
17.61
35.2¢
43,173
38,53
46,83
32,33
18.92
37,57
17,82
25,98
23.55
44,25
25.22
63,25

97

RSIGMA
0.189
2.126
C.549
2304
2,490
74551
£.252
.286
D629
1.225
2.849
f.865
B.51%
2.315
2.708
2.645
2.225
0.577
2,352
P62
0,929

8S1GMA
2.522
2.246
2.564
£.511
2,747
f.823
3.533
2,334
£.667
2,712
2,731
0.%87
£.622
2.355
£.712
2,338
£.451
2,441
©.839
8,478
1.142




MEASUREMENT AEF2

TOTAL RANGE:

4R 3

TOTAL SIGMA- 124,02

AVG,
AVG.,

F-RATIO:

SPKF
I

2

3

F

5

[
7
8
S
10
1l
12
13
14
15
16
17

18

19
20

21

RANGE

g5
162
149

77

a3
112
116
127
143
192
153
223
158

63
142
185

82
187

127
122

131

S1GNAZ4%,35
REIGMA=2,437
46,

MEAN
591.8
697.8
697.9
579.7
652,17
873.9
B25,2
594,4
789.5
197.6
537.3
551.4
577.2
589.1
719.6
773.5
579.8
62,2

163.3
743.1

666.3

MEASUREMENT AF2

TOTRL RANGE:=
T0TAL SIGMA:

254
45,52

AVG, SIGNL=26,19
AVG, RSIGMA=2,575

F-RATIO:=

SPKR

ARV R WV ISPV

1s.¢

RANGE

17
7%
14s
33
84
123
123
94
15
56
31
63
g2
149
81
BS
a5
57

9l
94
64

MEAN
184,2
129.9
12649
141.6
255,17
235.90
165,4
154,3
| EXNS
141.8
135,2
186,6
235.5
143.3
223.%
243.5
188.5
154.3
176.9
191.9
231.8

S1GHA

27.02
43,54
472,38
25.95
27,64
40,95
32,/5
49,93
55.12
57,22
47,32
22.98
45,728
22,868
49,16
68.82
23,45
36,83

37,52
29.37

39,42

S1GMA
34,82
24,12
44,12
12,55
29,72
31,71
35,47
37,59
23,21
22,98
18,37
17.593
25.98%
37,44
25,937
25,8%
16.63
17,91
29.03
32,97
2¢.48

RSIGrA

2,280
2.467
2,427
7.249
2,256
2,394
2,314
2,432
2.533
3.552
2,455
2.798
3.433
2.22¢
£.473
2.662
¢.225
2.347
2.361
8.282
3,379

RS1GMA

2.765
2.532
2.9R9

MEASUREMENT AF1

TOTAL RANGE: 388
TOTAL SIGNA= 70.23
AVG, SIGNMA=36,98
AVG, RSIGMA=E,527
F-RATIO:- 22.9

SPKR  RANGE MEAN SIGYA  RSIGHMA
t 169 839,53 45,92 2,654
2 129 174, 37,34 2.532
3 %9 731.3 22.%% 2.296
4 $5 126,93 32,58 2.464
5 104 R28.17 34,24 C.49t
3 2n3 152.5 59,44 347
7 113 817.5 37,7¢ 2,537
8 62 666.8 17,25 f.246
9 142 859.% 42,64 3,579

12 151 758.2 41,38 2.58%
13 137 634,24 45,72 0.651
12 242 823.8 77.65 1.126
13 82 749,2 24,117 €.344
14 62 736,.2 12,62 f.272
15 710 713,3 21.73 3,303
16 182 724.80 53.2% e,75%
17 121 835,.2 35,06 2,499
18 185 729,7 53.74 0,755
15 1ie 836.3 33,69 6,437
2e 89 644,2 27,21 5.388
21 517 84,8 2d.2% n,288

MEASURENMENT UMEA

TOTAL RANGE:= 3S
TO0TAL SIGMA= 8,36
AVG, SIGHA= 3,82
AVG, RSIGMA=2,457
F-RAT10= 36,3

SPKR RANGE MEAN SIGMNa  RSIGMA

| 12 8.2 4,39 2.526
2 16 27,9 5,43 e.687
3 1 2.1~ 223 2.267
4 8 12,2 2.72 2,323
5 13 lacl 3.g4 2.462
§ 16 17.5 4.74 8.5€8
7 1e 19.3 3.13 2a374
8 - 8 28,9~ 2.49 £.297
S 12 15,37 4.¢3 n.482
18 16 22,3 5.18% 2.521
11 22 13.3 6€.15 2.736
12 15 16.9. 4,5R% 745483
13 8 8.9 3.21 £.384
14 4 1.5 1.51 2.191
15 14 12.9- 4.53 2.543
16 1¢ 6.3 53.56 2.426
17 12 7.7 3.63 2,441
18 14 5.2 ¢ 5.3% €.642
19 12 .4 3.81 2.45%
29 11 12.5 - 3.27 ¢.392
21 7 6.5 2.32 2.278




qq

MEASUREMENT SH MEASUPEMENT PREV
TOTAL RANGE: 3 JOTAL RANGE= 1
TOTAL SIGMA- 2.90 TOTAL SI1GiMA= 2,42
AVG, SIGYMA:- 0,242 AVG. SIGNA: £.1%
AVG. RSIGMAZZ,26] AVG. RSIGHMA=-f, 424
F-RATIC: 17,5 F-RATIO: 14,5
SPKR  RANGE MEAN  SIGNA  RSIGHIA SPKR  RANGE MEAN  SIGMA  RSIGMA
1 2 1.5 2.71 2,782 i 2 0.0 2.02 2,001
2 2 1.9 2.99 1,259 2 ¢ 2.0 .02 e.ece
3 3 2.0 2.20 - 2.p20 3 1 2.5 2,53 1.252
4 1 2.8 2,42 ?,466 A 2 g.0 2,29 2.A2n
5 2 2.5 e.25  f.948 5 2 2.0 B.22  5.970
6 2 1.4 a.ar 2,773 3 ) 9.2 @02 2,822
7 1 1.6 2.5 C.571 7 1 0.1 7,32 f.751
8 2 1.2 J.2e 2.c02¢ 8 1 2.8 2.42 02
9 2 1.0 2,99 2.0723 9 P 2.0 3.002 2,002
18 e 2.9 2.00 2,729 10 1 2.1 .32 0,751
1 [4] 1.2 2.03 2.202 ¥ ? 1.0 .20 3.000 ~—
12 1 1.3 2,43 3,534 12 1 3.1 7.32 8,751
13 1 1.3 B.4%8 2.534 13 2 2.0 3.22 2.20¢2
14 2 1.8 2,93  e.con 14 0 2.8 .68 0,200 -
15 0 1.2 2,03 0.000 15 ) 2,0 .20 2,229
L6 2 2.1 £.99 1,899 16 1 8.8 .42  1.g02
17 e 4,3 2.23 e.eco 17 1 0.7 8.48  1.14%
18 2 1.4 3.84 2,952 18 1 2.2 Q.42 1,202
19 2 1.8 1.23 1.142 19 ) 2.0 z.ge a.@d@ .
22 ! 1.2 8,42 0,456 20 1 8.5  08.53 1.252
el 1 1.1 8.32 ©.353 21 e 0.0 .20 2,233 1

MEASUREHENT BAWT ‘ N

TOTAL RANGE: S
TOTAL SIGMa= 1.52
AVG, SIGHA=- 2,84
AVG, RSIGMA=2,56%
F-RATIO= 22,7

SPKR RANGE NEAN SI1GMA  RSIGMA
1 3 18,2 2.92 ?.614
2 2 18.9 2.74 2.493
3 3 15.9 1.109 3.73%
A 3 18.3% 2.B2 7.55¢2
5 3 13.4 2.97 2.846
[ 5 17,5 1.27 ?.849

‘1 2 15,2 2.79 2.527
8 2 16.9 2.74 ?.493
9 2 17.6 2.72 2.467
12 2 17.8 363 f.423
I 3 15.6 PSS A.648

12 2 16,1 2.74 2,493
13 2 15.5 2.71 2.473

14 1 19,8 n.42 2.232
15 5 18,4 1.51 1.836

16 3 17.7 2.82 £.55%2
17 | 16.4 2.52 2.345

18 2 17,8 2,79 2.527

19 2 16,6 @.792 3,467

20 4 16.8 1.23 r.822

21 2 17.% B.83 B.423
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